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LIN-12/Notch is a conserved transmembrane receptor that is required during animal 
development for proper cell-fate decisions and specification.  In Caenorhabditis 
elegans, activation of LIN-12 occurs through binding to ligand expressed by an adjacent 
cell.  This binding event triggers two cleavage steps and results in the release of the 
LIN-12 intracellular domain [LIN-12(intra)], which translocates to the nucleus to form a 
ternary complex with two other proteins: LAG-1/Su(H)/Cbf1 and SEL-
8/Mastermind/Mastermind-like.  This ternary complex will then transcriptionally activate 
target genes via LAG-1 Binding Sites (LBSs).  LAG-1 is the sole DNA-binding 
component within the complex, and in the absence of LIN-12(intra), can act as a 
transcriptional repressor.  LIN-12 signal transduction can be studied in the C. elegans 
Vulval Precursor Cells (VPCs), which exhibit precise spatiotemporal patterning 
regulated by LIN-12 activity. 
 Here, I show that LAG-1 is positively autoregulated by LIN-12 activity in cells 
where LIN-12 activity is high.  Autoregulation is mediated by an enhancer element that 
contains a cluster of 18 LBSs that are located within a conserved high occupancy target 
region, which is a span of DNA that is pulled down promiscuously in ChIP-Seq
experiments.  Mutation of the LBSs abrogates preferential expression mediated by the 
enhancer in cells with high LIN-12 signal transduction.  When the HOT region is deleted 
from the endogenous lag-1 locus, expression in the VPCs is strongly reduced and no 
overt Lag phenotype occurs.  Instead, cold-sensitive vulval and egg-laying defects, 
reminiscent of phenotypes seen in lin-12 hypomorphs, are found.  Autoregulation of lag-
1, therefore, appears to contribute to the robustness of LIN-12 cell fate specification in 
response to stochastic environmental and genetic perturbations. 
 Under adverse environmental conditions, C. elegans enter a state of diapause in 
which they form dauer larvae, which are long-lived and stress-resistant.  The VPCs of 
dauer larvae remain developmentally arrested indefinitely until favorable conditions are 
reintroduced.  Experimentally, this arrest can be relieved by depletion of the Forkhead 
transcription factor DAF-16.  I show that expression of the components of the LIN-
12/SEL-8/LAG-1 ternary complex are downregulated during the L2d-dauer molt (prior to 
dauer entry) and that this downregulation is not relieved by DAF-16 depletion.  Instead, 
DAF-16 depletion leads to resumption of LIN-12 signaling and expression of ternary 
complex only in completely formed dauer larvae.  These observations suggest that 
DAF-16 is required for the maintenance but not the initiation of blocking LIN-12 
signaling. 
 The components of the ternary complex are required to effect LIN-12 signaling.  
This work contributes to better understanding how these components are regulated and 
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Chapter 1.  General Introduction  
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1.1 LIN-12/Notch general attributes and mechanisms 
Notch is a well-conserved transmembrane receptor and transcriptional activator.  It has 
been a subject of study due to its key roles in development in worm, fly, and mammalian 
systems.  The Caenorhabditis elegans ortholog of Notch is LIN-12 and its paralog GLP-
1.  My thesis work involves investigating how LIN-12/Notch and components of its 
transcriptional complex are expressed and regulated in continuous and dauer diapause.  
In the first section, I will discuss general attributes of LIN-12/Notch structure and 
activation and how LIN-12/Notch transcriptional activity is reported in different model 
systems.  The second section will describe the paradigms that are used in C. elegans to 
study LIN-12/Notch, and the third will introduce the normal and arrested developmental 
C. elegans life cycles. 
 
1.1.1 LIN-12/Notch characteristics and activation 
Notch was first discovered in Drosophila melanogaster by John S. Dexter, named 
because the of the Notched wing phenotype that was produced in mutants, and the 
alleles were later characterized by Thomas Hunt Morgan (Morgan 1917; Dexter 1914).  
It is a highly conserved transmembrane receptor and transcriptional activator (reviewed 
in (Greenwald and Kovall 2013)).  In Caenorhabditis elegans, the ortholog of Notch is 
lin-12 (lineage abnormal 12) and its paralog glp-1 (abnormal germline proliferation 
defective)(Yochem, Weston, and Greenwald 1988; Greenwald 1985) .   
 The LIN-12/Notch protein is composed of an ectodomain, a transmembrane 
domain, and an intracellular domain.  The LIN-12 intracellular domain is composed of a 
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RAM domain and ankyrin repeats, and a domain containing a PEST sequence that 
regulates its stability (Figure 1A).  The PEST region contains a Cdc4-phosphodegron 
that is phosphorylated by the ubiquitin ligase SEL-10/Fbw7 (reviewed in (Welcker and 
Clurman 2008))(Hubbard et al. 1997; Sundaram and Greenwald 1993b).  Removal of 
the PEST domain or mutation of the Cdc4-phophodegron significantly stabilizes the LIN-
12 (and GLP-1) intracellular domain (Deng and Greenwald 2016; Mango, Maine, and 
Kimble 1991; de la Cova and Greenwald 2012).   
 LIN-12/Notch is a transmembrane receptor that, when activated by ligand 
binding, is cleaved such that the intracellular domain translocates to the nucleus and 
becomes a transcriptional activator by participating in a core nuclear complex 
comprised of two other components: LAG-1/Suppressor of Hairless (Su(H))/Cbf1 (CSL) 
and SEL-8/Mastermind/Mastermind-like (reviewed in (Greenwald and Kovall 2013)) 
(Figure 2).  In C. elegans, three ligands (DSL-1, APX-1, and LAG-2) have been shown 
to activate LIN-12 in the Vulval Precursor Cells (VPCs) and contain orthologous 
domains to ligands shown to activate Notch in other systems (Chen and Greenwald 
2004).  In C. elegans, ligand binding exposes the S2 cleavage site on the receptor.  An 
ADAM protease (SUP-17 in C. elegans, Kuzbanian in Drosophila melanogaster, 
ADAM10 in mammals) cleaves the LIN-12/Notch ectodomain at this site, resulting in a 
short ectodomain that allows for cleavage at the S3 cleavage site.  γ-secretase is a 
presenilin-containing complex that cleaves the S3 site, which is located in the 
transmembrane domain.  In C. elegans, genetic studies showed that this process is 
mediated by the presenilins SEL-12 and HOP-1.  The transmembrane cleavage 
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releases the intracellular domain of LIN-12, which translocates to the nucleus and 
complexes with LAG-1 and SEL-8 (reviewed in (Greenwald and Kovall 2013)).   
The LAG-1/Su(H)/CBF1 (CSL) protein is the only DNA-binding component of the 
core nuclear complex (Figure 1B).  It is a transcription factor that can act as either a 
transcriptional repressor or as a transcriptional activator.  In the absence of LIN-
12/Notch, CSL associates with transcription corepressors, leading to repression of 
target genes.  In the presence of LIN-12/Notch, CSL becomes part of a ternary complex 
that also includes LIN-12/Notch and SEL-8/Mastermind/Mastermind-like.  Instead of 
repression, binding of this complex to target genes results in transcriptional activation 
(reviewed in (Falo-Sanjuan and Bray 2020)) (Figure 3).  The C-terminus of LAG-1 is 
well-conserved among metazoans and is composed of an N-terminal domain (NTD), a 
β-trefoil domain (BTD), and a C-terminal domain (CTD) (Christensen et al. 1996; Kovall 
and Hendrickson 2004; Wilson and Kovall 2006).  LAG-1 is the center of the ternary 
complex.  The BTD binds to LIN-12 RAM domain, while the NTD and CTD associate 
with the N-terminal region of SEL-8, and the ankyrin repeats of LIN-12.  LAG-1 binds to 
DNA through its NTD and BTD.  Upon ternary complex formation, the major effect in 
LAG-1 conformation is observed in the CTD; this conformational change is not observed 
when LAG-1 is bound to LIN-12 alone (Wilson and Kovall 2006). 
SEL-8 is a glutamine-rich transcriptional activator required for LIN-12/Notch 
ternary complex formation and transcriptional activation (Figure 1C).  In C. elegans it 
was originally discovered from a screen of suppressors of a weakly dominant lin-
12(n302) mutant (Tax et al. 1997).  The primary amino acid sequence of SEL-8 is 
divergent from D. melanogaster’s Mastermind and the mammalian Mastermind-like, but 
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a subset of residues involved in the interaction with the ternary complex (particularly the 
NTD of LAG-1) is highly conserved(Wilson and Kovall 2006).  Genetic and biochemical 
experiments confirmed SEL-8’s role in the nuclear activation complex and the LIN-
12/Notch pathway (Doyle, Wen, and Greenwald 2000; Petcherski and Kimble 2000).  It 
appears to interact with LAG-1 in the ternary complex though a Tyr linchpin (Wilson and 
Kovall 2006).  Studies of SEL-8 mammalian and fly orthologs suggest that another 
region adjacent to the CSL-interacting motif may be important for associating with 
p300/Creb-binding protein (CBP), and a C-terminal region may mediate turnover of the 
Notch intracellular domain (Fryer, White, and Jones 2004; Fryer et al. 2002). 
 
1.1.2 Dual nature of activation and suppression by CSL 
In the presence of the LIN-12/Notch intracellular domain, the LAG-1/Su(H)/CBF1 
(CSL) DNA binding protein acts as a transcriptional activator, but in the absence of LIN-
12/Notch activity, it acts instead as a transcriptional repressor.  LAG-1 has been shown 
to bind to the LAG-1 Binding Site (LBS) CTGGGAAA, determined by ChIP-Seq of L4 
larvae and RTGGGAA in electrophoretic mobility shift assays (Chen et al. 2020; 
Christensen et al. 1996).  Electrophoretic mobility shift assays of Drosophila Su(H) also 
suggested YRTGRGAA was a CSL motif (Bailey and Posakony 1995; Nellesen, Lai, 
and Posakony 1999; Lai et al. 2000), and this sequence was later shown to be required 
for activation of targets of LIN-12 signaling in C. elegans (Yoo and Greenwald 2005; 
Yoo, Bais, and Greenwald 2004).  In the absence of the Notch intracellular domain, CSL 
binds to transcriptional corepressors (reviewed in (Contreras-Cornejo et al. 2016)).  One 
of the oldest and best-characterized corepressors in D. melanogaster is Hairless, which 
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antagonizes the Notch pathway, but an ortholog in vertebrates and C. elegans has not 
been identified (reviewed in (Maier 2006)).  Other corepressors of CSL that have been 
discovered include: Groucho, Ctbp, Insensitive in D. melanogaster and KyoT2, 
SMRT/NCoR, SHARP/MINT, CIR in mammals; these corepressors appear to recruit 
chromatin remodeling complexes to impart chromatin silencing marks onto target 
sequences (reviewed in (Contreras-Cornejo et al. 2016)).  Most of these corepressors 
have predicted orthologs in C. elegans, and but analyses thus far have not confirmed a 
role in repression of LIN-12/Notch target genes. 
Notch binding to CSL triggers a transition from transcriptional target repression to 
activation.  This transition particularly occurred in the context of the Epstein-Barr Virus 
transcriptional activator EBNA2 (acting as a Notch mimic) displacing corepressors from 
CSL, leading to activation of targets normally repressed and immortalizing B-cells 
(Hsieh and Hayward 1995).  Early studies hypothesized that this transition occurs 
through interchangeable association with Notch or corepressors with CSL already 
bound to DNA targets (Barolo et al. 2002; Bray 2006).  However, later work supported a 
different model in which preformed activation complexes displaced repression 
complexes situated on DNA targets.  Moreover, the presence of Notch encouraged 
promoted CSL association with target sequences (Krejci and Bray 2007) (Figure 3).   
 
1.1.3 Transcriptional autoregulation of nuclear complex components 
Transcriptional autoregulation has been found to regulate nuclear complex 
components.  Su(H) possesses CSL motifs in its autoregulatory socket enhancer (ASE), 
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which is a region of non-coding DNA that regulates Su(H) expression in D. 
melanogaster socket cells (which are required for formation of the adult fly 
mechanoreceptors) located 3’ to the Su(H) coding sequence.  However, these motifs do 
not appear to require Notch signaling for activation and presents an example of Notch-
independent CSL activation.  Autoregulation of Su(H) via its ASE enhancer is not 
required for proper specification of the Drosophila mechanoreceptor cells or general 
morphology, but deletion of ASE resulted in mechanosensation defects (Barolo et al. 
2000).  In order to understand how the clustered motifs in the ASE enhancer modulated 
Su(H) expression, the ASE enhancer was sectioned according to conservation peaks.  
Analysis of each section in combinatorial patterns revealed that each combination acted 
in a synergistic manner, and the ability of an ASE segment to rescue Su(H) loss of 
function may differ from its expression pattern (Liu and Posakony 2014). 
In C. elegans, a transcriptional autoregulatory loop was discovered to regulate 
LIN-12 signaling in the somatic gonad decision.  This autoregulatory loop is mediated by 
a sequence conserved among Caenorhabditis species called LCS1.  This sequence 
contains conserved LBSs and is found to be required in the lin-12 transgene that was 
used to rescue the 2AC defect produced by a lin-12(0) background (Wilkinson, 
Fitzgerald, and Greenwald 1994).  Other LBS clusters have been found in lag-1 and glp-






1.1.4 LIN-12/Notch transcriptional reporters 
 Several tools and reporters have been utilized to study Notch activity and 
expression.  In D. melanogaster, the Enhancer of Split complex (E(spl)-c) is a cluster of 
eight genes (mδ, mγ, mβ, m3, m5, m7, m8, and groucho) spanning over 60 kb that was 
found to be epistatic to Notch (Heitzler et al. 1996).  These genes were primarily 
transcription factors in the family of basic helix-loop-helix transcription factors, except 
groucho, which is a transcriptional corepressor.  A section of the m8 promoter was 
carefully dissected in a study in 2005, in which it was discovered that activation in 
response to Notch signaling is conferred by a Su(H) paired site (SPS) structure (Figure 
4).  This structure is defined by two CSL sites in which the 5’ site is in forward 
orientation, while the 3’ site is in the reverse orientation.  These two sites are separated 
by 15 nucleotides.  Another site recognized by heterodimers of Daughterless (the C. 
elegans hlh-2 ortholog and mammalian E protein ortholog) and Achaete-Scute Complex 
bHLH proneural proteins is located within ~50 bp.   This activation configuration is 
referred to as SPS+A and was shown to be minimally sufficient for expression (Cave et 
al. 2005).  Daughterless binding to this site, however, is not as essential as the 
localization of Daughterless to SPS and binding directly with the Su(H) activation 
complex; removal of the DNA-binding domain of Daughterless still enabled activation of 
the m8 promoter.   
 While SPS+A was found to activate expression, only six out of eight of the E(spl)-
C genes exhibit this configuration (Cave, Xia, and Caudy 2011).  Some Su(H) appear to 
activate without paired CSL sites; the specifics of how paired CSL sites and single CSL 
sites activate differently are not understood.  In mammalian systems, an SPS and head-
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to-head configuration of CSL was also found to be sufficient for expression (Jarriault et 
al. 1995; Kovall 2007), but in C. elegans, it appears that paired LBSs are not essential 
for expression as in flies or mammals (Li 2011; Choi 2009; Neves, English, and Priess 
2007; Yoo, Bais, and Greenwald 2004; Yoo and Greenwald 2005) (see below). 
In D. melanogaster, several different transcriptional target reporters are used to 
study Notch activity (reviewed in (Zacharioudaki and Bray 2014)).  The E(spl)-C locus 
consists of eight different genes that are direct targets of Notch.  They are expressed 
differentially in a wide array of tissues with individual genes exhibiting tissue specificity.  
Another target is the cut gene, which is a target of Notch activation in many 
developmental contexts.  Additional synthetic reporters have been generated by 
concatemerizing fragments of different promoters.  A synthetic reporter to study Su(H)-
mediated repression was created by fusing concatemers of the m8 promoter with three 
tandem copies of Grainyhead binding sites derived from the Ddc gene (Furriols and 
Bray 2001; Uv, Harrison, and Bray 1997).  This fusion allowed for study of Su(H) activity 
in nearly all tissues; the reporter was used for studying activation in addition to 
suppression (Furriols and Bray 2001).  Another synthetic reporter was created by fusing 
10 concatenated CSL sites all in the same orientation with a basal mγ promoter (from 
E(spl)-C) that already contained two CSL sites, thus producing a reporter with 12 total 
CSL sites (Go, Eastman, and Artavanis-Tsakonas 1998).  Despite having many CSL 
sites, expression was more limited compared to the reporter utilizing the Grainyhead 
binding sites (Furriols and Bray 2001). 
In mammalian systems, the primary reporters for Notch signaling include the 
HES/HEY family of genes, which are orthologs of E(spl)-C (Jarriault et al. 1995).  In 
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addition to these, other transcriptional targets include GATA3, CCND1, and CCND3 
(reviewed in (Gridley and Groves 2014)) .  A synthetic reporter (Transgenic Notch 
Reporter or TNR) for mammalian systems has also been generated by fusing a 4x Cbf1 
response element derived from a fragment from the EBV genome and fused to SV40 
promoter (Mizutani et al. 2007; Hsieh et al. 1996).  Another synthetic promoter that was 
made is the Notch Activity Sensor (NAS), which is composed of six, 50 bp-long 
multimerized CSL binding regions derived from the Epstein-Barr Virus TP1 gene and 
fused to a minimal beta-globin promoter (Souilhol et al. 2006).   
 In C. elegans, several lateral signaling target genes were identified as the result 
of a bioinformatic screen of genes containing LBS clusters within 1 kb of the predicted 
transcriptional start site (Yoo, Bais, and Greenwald 2004).  The lst-1 gene that was 
identified from this screen also proved to be a direct target of glp-1 in germline stem 
cells, and functions redundantly with sygl-1 such that the single mutants are fertile but 
the double mutant has a Glp phenotype (Kershner et al. 2014).  In the VPCs, lst-1 
through lst-6 and mir-61 were identified as targets of LIN-12 activity (Yoo, Bais, and 
Greenwald 2004; Yoo and Greenwald 2005; Choi 2009).  However, the presence of 
clustered LBSs in the promoter is not sufficient to predict expression in VPCs (Choi 
2009; Yoo 2005).   
 An attempt to generate a synthetic reporter C. elegans by multimerizing LAG-1 
Binding Sites using CSL responsive fragments from the mammalian and fly systems did 
not lead to expression in the somatic reproductive system, potentially indicating that cis-
regulatory elements adjacent to the LBSs may be required in addition to activate 




1.2 LIN-12/Notch signaling in cell fate decisions during 
Caenorhabditis elegans reproductive system development 
Three cell fate decisions important for reproductive system development are 
studied in this thesis.  LIN-12 signaling has been shown to function as a binary switch in 
specifying cells of the somatic gonad, the sex muscle lineage, and the vulval precursor 
cells.  These paradigms have exhibited spatiotemporal precision and enabled for careful 
analysis and comparison between lineally homologous cells with and without LIN-
12/Notch activity. 
 
1.2.1 Vulval development 
Vulval development is summarized in Figure 5.  The Vulval Precursor Cells 
(VPCs) are six cells (P3.p through P8.p) that are born during the first larval stage (L1) of 
C. elegans.  They are located on the ventral side of the animal and remain quiescent 
until the third larval stage (L3).  In 50% of the animals, P3.p fuses to the major 
hypodermal syncytium hyp7 during the second larval stage (L2), removing its potential 
to contribute to the vulva.  The process by which fusion of other VPCs to hyp7 is 
prevented is considered to be maintaining their "competence" to be induced to vulval 
fates. 
 During the L2 stage, an EGF-like ligand called LIN-3 begins to be released from 
the anchor cell (AC) and weakly activates the EGFR in the nearest VPC P6.p, resulting 
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in the Ras/Raf/ERK/MPK phosphorylation cascade (de la Cova et al. 2017; Hill and 
Sternberg 1992).  Although inductive signaling is active, the VPCs remain multipotent 
during the L2 stage.  During L3, the VPCs commit to vulval or non-vulval fates, and 
divide.  Division during L2 is prevented by the heterochronic genes lin-28 and hbl-1 and 
the transcription factors LIN-1/Elk1 and LIN-31/Ets, which promote expression of the 
cell cycle inhibitor cki-1 (Clayton, van den Heuvel, and Saito 2008)(reviewed in 
(Schindler and Sherwood 2013)).  LIN-14 inhibition of LIN-12 during L2 also prevents 
inappropriate activation of LIN-12 (Li and Greenwald 2010).   
 Due to receiving the majority of the LIN-3/EGF signal, the EGFR cascade is 
activated within the nearest VPC, P6.p.   This, in turn activates transcriptional 
expression of downstream targets, including the LIN-12 ligand lag-2, and P6.p acquires 
1o VPC fate (reviewed in (Sternberg 2005))(Underwood, Deng, and Greenwald 2017; 
Zhang and Greenwald 2011; Chen and Greenwald 2004).  Upon expression of lag-2, 
LAG-2 and presumably also the functionally redundant ligands are trafficked to the 
apical membrane of P6.p, where they laterally activate the neighboring VPCs, P5.p and 
P7.p, through binding to LIN-12 (Shaye and Greenwald 2002; Chen and Greenwald 
2004).  Upon activation of LIN-12, P5.p and P7.p acquire 2o VPC fate.  P5.p, P6.p, and 
P7.p divide in a stereotypic pattern to generate 22 vulval cells that fuse to form seven 
toroids (vulA, vulB1, vulB2, vulC, vulD, vulE, and vulF) in the vulva.  The anchor cell 
(AC) invades the basement membrane of the vulval epithelium overlying the P6.p 
descendants to connect the uterus with the vulva and epidermis (reviewed in (Schindler 
and Sherwood 2013)). 
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Most of the lst (lateral signaling target, i.e. LIN-12 targets identified with 
expression in the VPCs) genes have a dynamic expression pattern during VPC 
specification for which response to LIN-12 is only one component (Yoo).  The 
transcriptional reporters that primarily report LIN-12 activity are lst-5 and mir-61, which 
were expressed in the form of integrated simple concatemerized arrays composed of 
promoter fusions to fluorescent proteins (Choi 2009; Yoo and Greenwald 2005).  
Neither possess the SPS+A configuration described in Cave and Caudy (Cave et al. 
2005).  The mir-61 transcriptional reporter was generated from the mir-61 promoter, 
which contains two LBSs (conserved with C. briggsae), present in the reverse 
configuration (Yoo and Greenwald 2005) (Figure 4B).  The lst-5 transcriptional reporter 
was created by taking a region spanning from the border of the coding region of the 
gene directly upstream of lst-5  to part of the first intron of lst-5 (this region includes the 
lst-5 first exon, which had not been predicted at the time); all three LBSs are in the 
forward configuration (Choi 2009; Underwood 2018) (Figure 4C).  Both target genes 
were identified by looking for two YRTGRGAA LBS motifs within 500 bp.  Both reporters 
are preferentially expressed in P5.p and P7.p and descendants during L3 when LIN-12 
signaling is active, what we term "a 2o VPC pattern."  Expression of the mir-61 
transgenic reporter is very transient, while the lst-5 transgenic reporter continues to be 
expressed in descendants of P5.p and P7.p.  In the presence of lin-12(d), expression of 
both reporters is observed in all VPCs, while in the background of lin-12(0), expression 
of both reporters is diminished in all VPCs.  In a lin-12(0) background, the mir-61 
reporter also expresses weakly in P6.p, suggesting that there is default repression of 
mir-61 expression by LAG-1 in P6.p (Yoo 2005).   
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In a lin-12(d) hypermorphic mutant, the VPCs all acquire 2o VPC fate and the 
adult hermaphrodite is Multivulva (Muv); a separate specification event involving LIN-12 
in the gonad also causes a 0 AC phenotype, which prevents the EGFR signaling from 
occurring in the VPCs and allows for unopposed LIN-12-mediated specification of all 
VPCs to the 2o fate (Greenwald, Sternberg, and Horvitz 1983).  Exogenous expression 
of a stable, nuclear LIN-12(intraΔP) allele in the VPCs by a the VPC-specific promoter 
lin-31 also causes VPCs to acquire 2o fate, with the exception of P6.p, where EGFR 
signaling counteracts LIN-12 -mediated specification (Deng and Greenwald 2016; 
Underwood, Deng, and Greenwald 2017).  In a lin-12(0) background, no VPCs acquire 
2o fate; specifically, P5.p and P7.p acquire either the 1o or 3o fate (Greenwald, 
Sternberg, and Horvitz 1983). 
1.2.2 Somatic gonad development:  the AC/VU decision 
Gonadal development is summarized in Figure 6.  The gonad of the adult 
hermaphrodite is formed from four progenitor cells that are present at hatching: Z1 and 
Z4 give rise to the somatic gonad, while Z2 and Z3 give rise to the germline.  In the L1-
L2 stage, Z1 and Z4 generate 12 cells.   Four cells, Z1.ppa, Z1.ppp, Z4.aaa, and 
Z4.aap, have the potential to be a ventral uterine precursor cell or the anchor cell (AC) 
(Figure 6).  The ventral uterine cells will eventually divide to generate uterine cells, and 
the anchor cell is important for patterning and specification of the VPCs and the uterine 
π cells, and for the uterine-vulval connection (Kimble and Hirsh 1979; Sternberg 2005).   
Note that in a lin-12(d), both α cells specify into VUs; the absence of an AC 
results in an Egg-laying defective (Egl) phenotype that causes unlaid eggs to hatch 
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within the mother.  The larvae hatched from these eggs consume the parent from the 
inside, creating a “bag of worms” phenotype, in which many young larvae are trapped 
within the cuticle of the deceased adult hermaphrodite (Greenwald, Sternberg, and 
Horvitz 1983).  In a lin-12(0) mutant, both α cells are specified into ACs, producing an 
animal with 2 ACs at 20oC.  The βVUs appear to be dependent on LIN-12 activity in a 
temperature-sensitive manner.  At 25oC, the βVUs often transform into an AC, 
producing an animal with 3 or 4 ACs.  This difference between the sensitivity of the αVU 
and βVUs may be mediated by POP-1, which is expressed preferentially in the α cells.  
When expression of POP-1 is increased, AC fate is promoted in the β cells (Sallee, 
Aydin, and Greenwald 2015).  ,  
Z1.ppa and Z4.aap are referred to as the β cells and always become VUs.  The 
Z1.ppp and Z4.aaa cells are referred to as the α cells and undergo a stochastic cell fate 
decision, such that in a population, 50% of the time Z1.ppp becomes the AC while 
Z4.aaa becomes a VU, and 50% of the time Z4.aaa becomes the AC and Z1.ppp 
becomes a VU.  This decision is mediated by LIN-12, its ligand LAG-2, and HLH-2, a 
bHLH transcription factor.  The cell with greater LIN-12 activity becomes the VU, while 
the other becomes the AC (Seydoux and Greenwald 1989) (Figure 6).  There is also a 
birth order effect that has been found with regards to this decision, in which the first-
born cell has a bias to become the VU, and the second born the AC (Karp and 
Greenwald 2003; Attner et al. 2019).  This bias also appears to extend to earlier birth 
order, i.e. the first-born Z1.pp or Z4.aa is more likely to produce the  daughter that will 
become the VU.  This bias is due to the onset of expression of HLH-2 in the Z1.pp or 
Z4.aa, parents of the cells that will undergo the AC/VU decision: the cell that expresses 
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HLH-2 first will give birth to the daughter that will become the VU.  This “edge” in 
expression possibly allows for greater lin-12 expression and autoregulation (activated 
by adjacent LAG-2-expressing cells).  (Attner et al. 2019).   
 
1.2.3 LIN-12 activity in M-lineage specification 
 Another LIN-12 mediated decision that will be studied in this work involves 
specification of cells generated by the M-lineage.  The M-cell is born during L1 and 
divides to produce a dorsal and a ventral cell, each of which then divide to produce 
respective dorsal and ventral lineages.  The dorsal lineage is mediated by TGF-β 
signaling (via the Sma/Mab pathway) in the early M-lineage (2-M through 8-M) and 
produces body wall muscle and the coelomocytes, which are large, ovoid shells with 
high phagocytic properties.  The ventral lineage exhibits active LIN-12 signaling; it gives 
rise to body wall muscle and two sex myoblasts (SMs), which migrate anteriorly during 
L2 and divide in the L3 to produce the vulval muscles required for egg-laying.  The 
coelomocytes and the SM mothers are lineal homologues.  They coexist when the M-
cell has divided into 16 descendants, also known as 16-M; at 18-M, the SMs are born 
and cells remain quiescent until L3 (Figure 7).  LIN-12 signaling is required to specify 
the SMs.  In a lin-12(0) background, no SMs are formed and instead additional 
coelomocytes are specified in their place in the ventral lineage.  In a lin-12(d), additional 
SMs are instead specified in place of the coelomocytes (Greenwald, Sternberg, and 
Horvitz 1983).   Temperature-shift experiments using lin-12(ts) mutants suggest that 
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LIN-12 activity required for SM specification occurs during 4-M through 18-M (Foehr and 
Liu 2008).    
 
1.3 C. elegans dauer life cycle 
For the purposes of this work, I will discuss how C. elegans can enter an alternative life 
cycle, characterized by developmental arrest, morphological changes, longevity, and 
resistance to harsh conditions such as heat and SDS treatment.  I will then report how 
VPC signaling and specification is affected by entry into this developmentally arrested 
state. 
 
1.3.1 Continuous and dauer development 
The C. elegans life cycle is comprised life cycles that occur in either favorable or 
adverse environmental conditions.  During favorable conditions, L1 stage larvae that are 
hatched from eggs will progress into what is termed “continuous development.”  They 
will molt four times, into L2, L3, L4, and finally the reproductive adult hermaphrodite, 
which will lay eggs for 3-5 days and live for 2-3 weeks.  In the presence of unfavorable 
conditions such as heat, crowding, and/or starvation, L1s will instead molt into an 
alternative stage called L2d, which is characterized by its darker color (from intestinal 
granules) and larger (longer and wider) body in comparison to L2 (Golden and Riddle 
1984).  If conditions improve, the L2d larvae will molt into L3.  If conditions remain 
unfavorable, they will molt into dauer, a state of diapause. They are a long-lived state, 
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remaining alive for up to four months, while the average lifespan of an animal in 
continuous development is only up to three weeks.   
 The L2d-L3 molt is not remarkably different from the L2-L3 molt and lasts about 
the same amount of time (~1 hour).  However, the L2d-dauer molt is notable for lasting 
much longer, 10-12 hours, with pharyngeal pumping stopping at the beginning of the 
molt and the animal acquiring dauer traits and separating from the cuticle at the end of 
the molt (Golden and Riddle 1984).  Dauer larvae have several unique morphological 
features, including a buccal plug, prominent lateral alae (cuticular ridges running along 
the sides of the animal), lack of pharyngeal pumping, radial constriction, and resistance 
to harsh conditions such as 1% SDS incubation (Cassada and Russell 1975).  Once 
favorable conditions are reintroduced, then the dauer larvae re-enter continuous 
development by maturing into L3 and then molting into L4 and finally into the 
reproductive adult hermaphrodite (reviewed in (Fielenbach and Antebi 2008)). 
 
1.3.2 Molecular pathways involved in dauer formation 
 Multiple signaling inputs regulate the dauer formation, with pathway crosstalk and 
feedback in cell-nonautonomous manners.  The DAF-7/TGF-β, DAF-2/Ins/InsR, DAF-
12/NHR, serotonin, and DAF-11/GCY pathways have all been shown to be important for 
dauer formation.  Initial detection of adverse environmental cues are thought to occur 
through the cilia of the amphid neurons, as mutations in the amphid cilia formation can 
suppress dauer-constitutive (Daf-C) and are Daf-C or dauer-defective (Daf-d) at 
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different temperatures.  For the purposes of this work, we will be focusing on two 
pathways: the DAF-7 and DAF-2 signaling mechanisms for dauer formation. 
 The DAF-7/TGF-β ligand is expressed in only one amphid neuron: ASI.  
Activation of signaling occurs when DAF-7 ligand binds to type II serine threonine 
kinase TGF- β receptors DAF-1/DAF-4 located in many tissues, especially in the head 
(Gunther, Georgi, and Riddle 2000), which then phosphorylates Smad proteins DAF-
8/DAF-14.  These proteins translocate to the nucleus where they inhibit Smad/Sno/Ski 
complex DAF-3/Daf-5, thereby activating growth and development transcriptional 
programs.  In the absence of DAF-7 ligand however, DAF-3/DAF-5 instead promote 
developmental arrest and dauer formation (reviewed in (Fielenbach and Antebi 2008)). 
 The DAF-28/Insulin is located in the ASI and ASJ amphid neurons.  Signaling is 
activated when insulin binds to DAF-2/IGFR and activates AGE-1/PI3K, which leads to 
preferential formation of PIP3 instead of PIP2 at the phospholipid membrane surface.  
This leads to activation of PDK-1 and downstream activation of SGK and AKT-1/2, 
which phosphorylates the Forkhead (FOXO) transcription factor DAF-16 and excludes it 
from the nucleus.  During periods of starvation, insulin signaling is suppressed, leading 
to DAF-16 to become nuclearly localized and activate target genes involved in stress, 
dauer formation, and longevity (reviewed in (Fielenbach and Antebi 2008)).   
 
1.3.3 VPC specification during dauer 
 During dauer diapause, developmental programs are arrested for an indefinite 
period until favorable environmental conditions are reintroduced.  The VPCs remain 
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unspecified and multipotent during dauer.  An experiment by Euling and Ambros 
showed that a lin-28(ts) mutant (which results in precocious VPC specification and 
division in L2d instead of L3) showed that despite dividing prior to dauer entry, passage 
through dauer resulted in reprogramming of VPC descendants.  (In continuous 
development, specification appears to occur at the level of VPCs; Greenwald et al., 
1983.)  For example, if P6.p has specified to 1o VPC cell fate and had divided already 
during L2d, one of its descendants displayed a 1o VPC fate pattern while the other 
displayed a 2o VPC fate division pattern during post-dauer L3 (Euling and Ambros 
1996).  Thus, the descendants of VPCs that had already divided appear to be re-
specified to a multipotent fate once passaged through dauer (Euling and Ambros 1996).  
 Work in our lab has shown that the EGFR and LIN-12 pathways required for VPC 
specification are not active during dauer and are resistant even to attempts to 
ectopically stimulate signaling.  Loss of DAF-16/FoxO, but not DAF-5/Smad was 
sufficient to produce EGFR and LIN-12 signaling in dauer VPCs.  We heretofore refer to 
the lack of EGFR and LIN-12 signaling in VPCs as a “block.”   
 One output of the EGFR cascade in P6.p is lag-2 transcription.  The block to 
expression of a lag-2 transcriptional reporter did not start until the animals were formed 
in dauer; lag-2 expression persisted in the L2d-dauer molt.  However, LIN-12 signaling, 
even in the presence of the stable, nuclear allele LIN-12(intraΔP) (composed of only the 
intracellular domain without the negative regulatory PEST domain) was blocked 
beginning at the L2d-dauer molt, indicating that the timing of the block to signaling 
required for VPC specification may be different between different pathways (Karp and 
Greenwald 2013).  The transcription factor lin-1 is normally required for suppressing lag-
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2 expression during continuous development (Zhang and Greenwald 2011), but in 
dauer larvae, it not only is dispensable for repression of lag-2 transcription, but also 
plays a positive role in P6.p in the L2d-dauer molt, suggesting that transcriptional 
regulatory circuitry also differs between continuous and dauer life histories (Karp and 
Greenwald 2013). 
 
1.3.4 Gene expression changes in dauer and in postdauer 
 Using high density microarrays, global gene expression in dauers was compared 
to dauers slowly transitioning to postdauer in response to feeding cues (Wang and Kim 
2003).  Many of the 540 genes identified as altered in dauer were involved in 
metabolism and stress response.  Enzymes involved in pathways of glyoxylation, 
gluconeogenesis, glycolysis, glycerol metabolism, and fatty acid oxidation were 
consistently upregulated, and gene encoding heatshock response and cytochrome 
P450 enzymes also increased in expression (Wang and Kim 2003).  A large number of 
neuronal genes was also upregulated, which could potentially explain dauer-specific 
behaviors like nictation (Wang and Kim 2003). 
 Another series of papers examined how passage through dauer affected 
chromatin changes postdauer adult hermaphrodites.  Active H3K4me3 and H4panAc 
marks were consistently de-enriched compared to hermaphrodites that had never 
undergone dauer passage (Hall et al. 2010).  This resulted in distinct gene expression 
patterns between postdauer adult hermaphrodites and continuously grown adult 
hermaphrodites.  However, phenotypically, only modest differences were observed, in 
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which postdauer hermaphrodites had a slightly longer lifespan and slightly larger brood 
size (Hall et al. 2010).  A follow-up study (Hall et al. 2013) identified the small interfering 
RNA (siRNA) pathways to be proportionally upregulated in dauers and postdauer 
hermaphrodites (compared with mRNAs).  Reduction of csr-1, an Argonaute protein that 
can regulate chromatin structure through siRNAs or small RNAs (sRNAs) led to loss of 
postdauer-specific changes in chromatin structure.  Moreover, mutants that affected the 
sRNA pathways also no longer exhibited the slightly larger brood size in postdauer 
hermaphrodites. 
 
1.4. History of the High Occupancy Target region 
 The high occupancy target (HOT) region or HOT spot was first defined by a 
series of DamID and ChIP experiments performed in D. melanogaster using a broad set 
of regulatory transcription factors (Moorman et al. 2006).  In these experiments, it was 
found that certain regions of DNA were consistently mapped and that these regions 
could still be enriched even if the DNA-binding component of the transcription factor had 
been removed.  Further analysis of these regions naturally came about from the 
ENCODE and modENCODE consortiums in which large RNA-seq and ChIP-Seq 
datasets were compiled to form a generalized database (Consortium 2012; mod et al. 
2010).   
 In C. elegans, work from the Ahringer lab defined “Xtreme HOT regions” as those 
with a p<0.01 and found that they were associated with open chromatin (Chen et al. 
2014).  A few promoter fusion examples also showed that transcriptional activity from 
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HOT regions resulted in broad expression in the head.  A series of 108 transgenes 
made in D. melanogaster also revealed that the majority of HOT regions is 
transcriptionally active at all assessed stages of development (Kvon et al. 2012).  
Deletion of a HOT region from a mutant-rescuing transgene (expressing fluorescently 
tagged protein products) did not completely abrogate expression of the transgene but 
instead eliminated patterning during a specific developmental timepoint (Kvon et al. 
2012). 
 Other papers argued that HOT regions are largely artifactual.  In S. cerevisae, 
some “hyper-ChIPable” regions were found to still be identified in ChIP-seq using anti-
Myc antibodies even when there was no Myc expressed by the sample, suggesting that 
these sequences may be binding promiscuously to the bead (Teytelman et al. 2013).  
An experiment using D. melanogaster embryos to pull down ACF and RSF-1 to perform 
ChIP-seq found that some HOT regions were pulled down even in ACF knock-out or 
RSF-1 knock-out specimens (Jain et al. 2015).  They attributed this finding to “phantom 
peaks” associated with active promoters with interaction-prone or “sticky” surfaces that 
results in non-specific binding to the beads (Jain et al. 2015).  Another study argued that 
HOT regions are likely pulled down due to formation of tertiary structures such as R-
loops and G-quadruplexes due to sequence similarities and high association of HOT 
regions with R-loops identified by DRIP-seq (Wreczycka et al. 2019). 
 In general, it appears that a significant portion of HOT regions displays 
promiscuous binding to beads, and that this promiscuity may be due to tertiary structure 
of the DNA or other aspects that render these regions “sticky.”  However, it cannot be 
ruled out that another significant portion may also be genuine in their ability to bind 
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many transcription factors, perhaps due to large complexes or complicated regulatory 
sequences with numerous transcriptional inputs.  Moreover, most of these HOT regions 
appear to be transcriptionally active and may indeed play significant roles in regulating 
developmental patterning of genes.  It is also not clear whether the proportion that is 
comprised of promiscuously binding, predicted tertiary structures may also be an 
important regulatory mechanism, albeit in undescribed ways.  Most of studies 
conducted on HOT regions primarily looked at association with other sequences and did 
not examine their functionalities.  Therefore, additional work may be required to clarify 
the roles of HOT regions in biological development. 
 
1.5. Summary of Thesis work 
Here, I present two chapters discussing my work on the characterization of the 
expression of the LIN-12 nuclear complex components LAG-1, LIN-12, and SEL-8 
during continuous and dauer development.  In the first chapter, I use an allele of lag-
1::gfp that is a C-terminal translational fusion with GFP generated by CRISPR/Cas9 
genomic engineering.  I use reporter genes, image quantification and analysis 
approaches to show that lag-1 is transcriptionally autoregulated by LIN-12 signaling 
during L3 in secondary fate VPCs.  This transcriptional autoregulation is mediated by a 
non-coding sequence located in the intron of lag-1 isoforms a/b and in the 5' region of 
other isoforms, which I have called the lag-1 enhancer, that exhibits preferential 
expression in cell lineages with high LIN-12 activity.  This enhancer is characterized by 
a cluster of LBSs located in a high occupancy target (HOT) region, which is a region 
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that is bound promiscuously during ChIP-Seq experiments.  Mutating the LBSs in the 
lag-1 enhancer removes preferential expression where there is LIN-12 activity.  Deletion 
of this enhancer from the lag-1 locus through CRISPR/Cas9 does not produce 
canonical Lag phenotypes but instead results in cold-sensitive vulval and egg-laying 
defects reminiscent of lin-12 hypomorphic mutants. 
 In the second chapter, in order to better understand the block to LIN-12 signaling 
in VPCs during dauer, I examine the expression of how the nuclear complex 
components are altered during dauer formation: L2d, L2d-dauer molt, and early dauer.  I 
again utilize GFP translational fusions of each components (LIN-12, SEL-8, and LAG-1) 
and analyze how their expression and patterning is altered in VPCs during dauer 
formation.  I find that LIN-12 signaling (based on the secondary pattern of LAG-1::GFP 
and its transcriptional reporter/enhancer) appears to be downregulated specifically 
during the L2d-dauer molt, and that this downregulation is impervious to DAF-16 RNAi 
knock-down.  I also find that the LIN-12 ligand LAG-2 (by analysis of an endogenous 
GFP translational fusion) is still expressed during the L2d-dauer molt on the P6.p apical 
membrane, suggesting that the block to LIN-12 signaling may not be occurring at the 
level of ligand.  Finally, I show that DAF-16 appears to be required for the maintenance 















































Figure 1.  Domains of LIN-12, LAG-2, LAG-1, and SEL-8.   
(A) LIN-12 possesses an ectodomain, which contains EGF repeats and a negative regulatory 
NRR that is also the site of the S2 cleavage event.  The NRR is composed of LIN-12/Notch 
repeats (LNR) that is also the target of some mutations that will generate a lin-12(d) allele.  The 
“S1” is an intracellular cleavage that that has been found to occur intracellularly prior to 
trafficking to the membrane in mammalian Notch systems.  It has not or yet to been found to 
occur in C. elegans.  The heterodimer-N (HD-N) denotes the amino-terminal portion and the 
heterodimer-C (HD-C) denotes the C-terminal portion of this theoretical heterodimer.  The LIN-
12 transmembrane domain is the site of the second S3 cleavage event.  The LIN-12 intracellular 
domain is composed of the nuclear localization signal (NLS), RBPj-κ associated module (RAM), 
ankyrin repeats (ANK), transcription activation domain (TAD), and a negative regulatory PEST 
domain rich in proline (P), glutamic acid (E), serine (S), threonine (T).  The RAM and ANK 
domains have been shown to associate with LAG-1 in the ternary complex. 
(B) LAG-1 is defined by well-conserved N-terminal (NTD), β-trefoil (BTD), and C-terminal (CTD) 
domains that are involved in DNA-binding and association with other nuclear components that 
modulate transcriptional activation or repression.  The NTD and BTD bind with DNA.  The RAM 
domain of LIN-12 associates with the BTD, while CSL-ANK domain of SEL-8 associates with 
the NTD and the CTD.  The ankyrin repeats of LIN-12 associate with the NTD. 
(C) The SEL-8 primary amino acid sequence is divergent from Mastermind/Mastermind-like, but 
structural studies showed that certain residues in the CSL-ANK domain is well-conserved due to 
association with the LAG-1 NTD and CTD.  The CBP/p300 binding domain (thought to be 
important for chromatin activation) and the CyC/CDK8 domain (which may mediate LIN-12(intra) 
turnover) are predicted based on Mastermind/Mastermind-like studies. 

























Figure 2.  Notch activation.  Notch activation is triggered by (1) binding of the DSL 
(Delta, Serrate, LAG-1) to the Notch ectodomain.  This leads to a (2) metalloprotease 
cleavage of the S2 site, followed by a (3) transmembrane cleavage of the S3 site.  This 
releases the Notch intracellular domain (ICN ) where it (4) translocates to the nucleus 
and forms a (5) core transcriptional activation complex with CSL (Cbf1, Su(H), LAG-1) 
and SEL-8/Mastermind/Mastermind-like (MAM) to activate transcriptional targets. 




















Figure 3. Dynamics of CSL switching between transcriptional repression and 
activation.  A transcriptionally repressive complex composed of Su(H) and 
corepressors (CoR) is bound weakly to DNA.  In the presence of the Notch intracellular 
domain (Nicd), (a) transcriptional activation complexes composed of Su(H), Mastermind 
(Mam), and Nicd are formed and displace the Su(H) repressive complex.  Alternatively 
(b) exchange of the corepressor with Mam and Nicd without displacement of Su(H) may 
also occur.  The activation complex is more stably bound to DNA and promotes 
transcription, either as a (1) single complex or in the (2) head-to-head configuration. 
Figure adapted from Krejci and Bray, 2007 
  






















Figure 4.  Configuration of CSL activation sites in D. melanogaster and C. elegans 
transcriptional activation reporters of LIN-12/Notch 
(A) The Su(H) Paired site (SPS) + A is defined by two Su(H) or CSL sites separated by ~15 bp.  
The 5’ site is in the forward orientation, while the 3’ site is in the reverse orientation.  An E-box 
represented by “A” is ~50 bp downstream of the SPS and was shown to be required for robust 
expression.  Figure adapted from Cave and Caudy, 2005. 
(B) The mir-61 promoter that was used to generate a LIN-12/Notch transcriptional activation 
reporter in C. elegans shown here.  Both CSL sites/LBSs are in the reverse orientation and are 
conserved with C. briggsae.  Figure adapted from Yoo and Greenwald, 2005. 
(C) The lst-5 reporter that was used to generate a LIN-12/Notch transcriptional activation 
reporter in C. elegans is diagrammed here.  The region used for the reporter is between the 
dotted lines; the first exon and part of the first intron is included in the reporter.  All CSL 











Figure 5. Vulval Precursor Cell Specification.  The six Vulval Precursor Cells (VPCs) 
P3.p through P8.p are born during L1 and remain quiescent until L3.  During L2, 50% of 
the time, P3.p fuses to the hypodermis.  During L3, due to LIN-3/EGF signaling from the 
anchor cell (AC), P6.p undergoes an EGFR cascade and acquires 1
o
 vulval fate.  The 
EGFR cascade results in the expression of LIN-12 ligands, which laterally activates LIN-
12 on P5.p and P7.p, which acquire 2
o
 vulval fate.  P3.p, P4p, and P8.p do not acquire 
vulval fate (3
o
) and instead divide once and fuse to the hypodermis.  P5.p P6.p, and 
P8.p divide during L3 and L4 to form seven toroids that will eventually form the final 
vulva. 

























Figure 6. Specification of the AC/VU.  Z1 and Z4 are present at hatching and 
eventually divide to generate 12 descendants during L2.  Four of the descendants 
(Z1.ppa, Z1.ppp, Z4.aaa, and Z4.aap) will form the α (Z1.ppp and Z4.aaa) and β 
(Z1.ppa and Z4.aap) cells.  The β cells always specify into the ventral uterine (VU) 
precursor cells, while the α cells undergo a stochastic AC/VU decision in which 50% of 
the time Z1.ppp becomes the AC (Z4.aaa becomes the VU).  There is a birth order bias, 
in which if Z1.pp divides first and Z1.ppp is born earlier than Z4.aaa, then Z1.ppp will 
most likely become the VU. 























Figure 7. Specification of the M-lineage.  The M-cell divides during L1 to produce a dorsal 
and ventral lineage.  The ventral lineage exhibits high LIN-12 signaling, while the dorsal lineage 
exhibits high TGF-β signaling.  At the 16-M stage, the coelomocytes are born, which are lineally 
homologous to the mothers of the sex myoblasts (SM).  The SMs are born in L2 during 18-M 
and migrate anteriorly during L2 and L3.  During L3, the SMs divide to generate the vulval and 
uterine muscle cells that are required for egg-laying. 
















Chapter 2.  Positive autoregulation of lag-1 in 
response to LIN-12 activation in cell fate 
decisions during C. elegans reproductive system 
development 
The following contains a paper from Luo, et al., 2020, currently in press at 
Development. 
All experiments were performed by me except all the data in which the lag-1::mKate2 





During animal development, ligand binding releases the intracellular domain of LIN-
12/Notch by proteolytic cleavage to translocate to the nucleus, where it associates with 
the DNA-binding protein LAG-1/CSL to activate target gene transcription.   We 
investigated the spatiotemporal regulation of LAG-1/CSL expression in C. elegans and 
observed that an increase in endogenous LAG-1 levels correlates with LIN-12/Notch 
activation in different cell contexts during reproductive system development.  We show 
that this increase is via transcriptional upregulation by creating a synthetic endogenous 
operon, and identified an enhancer region that contains multiple LAG-1 binding sites 
(LBSs) embedded in a more extensively conserved high occupancy target (HOT) 
region.  We show that these LBSs are necessary for upregulation in response to LIN-
12/Notch activity, indicating that lag-1 engages in direct, positive autoregulation.  
Deletion of the HOT region from endogenous lag-1 reduced LAG-1 levels and 
abrogated positive autoregulation, but did not cause hallmark cell fate transformations 
associated with loss of lin-12/Notch or lag-1 activity. Instead, later somatic reproductive 
system defects suggest that proper transcriptional regulation of lag-1 confers 
robustness to somatic reproductive system development. 
 
INTRODUCTION  
The intracellular domain of LIN-12/Notch is essentially a membrane-tethered 
transcriptional activator released by proteolytic cleavage after ligand binding, and is 
conserved in all animals (Greenwald and Kovall 2013). LIN-12/Notch activation is 
initiated when a ligand of the Delta/Serrate/LAG-2 (DSL) family binds to the extracellular 
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domain of LIN-12/Notch and triggers two cleavage events that result in release of the 
LIN-12/Notch intracellular domain.  This domain becomes translocated to the nucleus, 
where it forms a core nuclear complex with a CSL (Cbf1/Su(H)/LAG-1) family DNA 
binding protein and a Mastermind family protein (Jeffries, Robbins, and Capobianco 
2002; Petcherski and Kimble 2000; Wilson and Kovall 2006).  This core nuclear 
complex binds to the DNA through CSL, which recognizes a TGGGAA or YRTGRGAA 
motif (Bailey and Posakony 1995; Christensen et al. 1996; Lai, Bodner, and Posakony 
2000; Lai et al. 2000; Lecourtois and Schweisguth 1995; Nellesen, Lai, and Posakony 
1999; Chen et al. 2020).  Genome-wide studies suggest that chromatin state and other 
transcription factors influence which genes containing consensus CSL binding sites are 
bona fide Notch targets in a particular tissue (Castel et al. 2013; Pillidge and Bray 2019; 
Skalska et al. 2015; Chan et al. 2017).  Target genes may also be sensitive to the level 
of activated Notch, which has been found to affect the dynamics of CSL association with 
binding sites (Krejci and Bray 2007; Castel et al. 2013). 
 Genes that are master regulators of cell specification are often positively or 
negatively autoregulated, a mechanism that improves stability and control of gene 
circuits (Becskei and Serrano 2000).  Such positive autoregulation has been described 
in some Notch-mediated decisions.  A positive autoregulatory loop of CSL is required 
for normal mechanosensation in D. melanogaster through a conserved element called 
autoregulatory socket enhancer (ASE); the initiation but not the maintenance of this 
autoregulation is Notch-mediated (Barolo et al. 2000).  Further analysis of ASE revealed 
a combinatorial effect of various conserved regions to produce the final spatiotemporal 
pattern of the CSL protein Su(H) (Liu and Posakony 2014).  In C. elegans, a study of 
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LIN-12/Notch transgenes suggested that lin-12 is positively autoregulated through a 
conserved binding site for LAG-1 and autoregulation is important for a cell fate decision 
during early gonadogenesis (Wilkinson, Fitzgerald, and Greenwald 1994).  A recent 
report identified multiple LAG-1 ChIP-seq peaks in the lag-1 gene using whole-worm 
ChIP-seq of L4 larvae; however, a lag-1 positive transcriptional feedback loop was 
shown not to be active in the germline (Chen et al. 2020).  This observation suggests 
that if there is meaningful binding of LAG-1 to sites in the lag-1 gene, it may be for 
autoregulation during somatic cell fate decisions. 
 Here, we show that in C. elegans, LAG-1 positively autoregulates in response to 
LIN-12/Notch activation in three different somatic cell fate decisions important for 
reproductive system development.  We further identify an enhancer region containing 
multiple binding sites for LAG-1 that is necessary and sufficient to mediate 
autoregulation in these contexts.  The binding sites that mediate autoregulation are 
embedded in a conserved high occupancy target (HOT) region, a stretch of open 
chromatin that is promiscuously pulled down in ChIP-Seq experiments, including those 
performed with LAG-1 (Wreczycka et al. 2019; Chen et al. 2020).  Deletion of the HOT 
region from endogenous lag-1 using CRISPR/Cas9 reduced overall level of lag-1 
transcription and abrogated positive autoregulation, but did not compromise viability or 
produce overt cell fate transformations characteristic of loss of LIN-12/Notch or LAG-1 
activity.  However, we find that adult hermaphrodites have temperature-sensitive 
defects in egg-laying and vulval eversion.  We suggest that the HOT region and positive 
transcriptional autoregulation of lag-1 contribute to the robustness of the reproductive 






The level of endogenously-tagged LAG-1 increases in Vulval Precursor Cells 
when LIN-12 is active 
Six Vulval Precursor Cells (VPCs) initially have the potential to adopt one of three fates.  
The anchor cell (AC) of the gonad produces the LIN-3/EGF ligand, which induces vulval 
development.  LIN-3/EGF activates a canonical EGFR-Ras-ERK cascade in P6.p, 
thereby specifying the 1o fate and promoting the expression of ligands that activate LIN-
12/Notch in the neighboring VPCs, P5.p and P7.p, specifying them to adopt the 2o fate.  
The remaining VPCs — P3.p, P4.p, and P8.p — adopt the 3o fate, dividing to produce 
daughters that fuse to the major hypodermal syncytium.  EGF signaling begins during 
the L2 stage, but the fates of the VPCs are not fixed until the L3 stage (Fig. 1A) 
(Sternberg 2005; de la Cova et al. 2017).    
This sequential signaling process also engages feedback mechanisms to ensure 
precise and robust spatial patterning.  In 1o VPCs, there are mechanisms to reinforce 
EGFR-Ras-ERK activity and to counter potential LIN-12 activation (Shaye and 
Greenwald 2002; Stetak et al. 2006; Berset, Hoier, and Hajnal 2005; Underwood, Deng, 
and Greenwald 2017).  In 2o VPCs, activation of LIN-12/Notch leads to expression of 
direct transcriptional target genes that encode negative regulators of EGFR-Ras-ERK 
signaling (Yoo, Bais, and Greenwald 2004; Berset et al. 2001) and a microRNA that 
targets vav-1/Vav, a negative regulator of LIN-12/Notch signaling, so as to positively 
stimulate lin-12 activity (Yoo and Greenwald 2005). Because such LIN-12 target genes 
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are preferentially expressed or upregulated in 2o VPCs compared to other VPCs, we 
refer to this characteristic herein as a "2o fate pattern."    
 We generated two alleles of lag-1 that were endogenously tagged with 
fluorescent proteins using CRISPR/Cas9 (Methods): lag-1(ar611[lag-1::gfp]) and lag-
1(ar613[lag-1::mKate2]) (Methods) (Fig. 1B and Fig. S1A). The position of the tag at the 
carboxy-terminus should capture all known isoforms.  Both alleles appear 
phenotypically wild-type and there is no apparent difference in expression between 
them.  Initially, we performed a qualitative analysis of LAG-1::mKate2, which revealed a 
dynamic expression pattern in the VPCs during vulval induction (Fig. S1A). In order to 
achieve a more quantitative analysis, and potentially reveal more subtle dynamics, we 
quantitated LAG-1::GFP fluorescence, as GFP appeared brighter overall than mKate2. 
We observed that both LAG-1::GFP (Fig. 1C) and LAG-1::mKate2 (Fig. S1A) 
accumulated to a higher level in P5.p and P7.p in relation to other VPCs (2o fate 
pattern). This accumulation pattern is consistent with LIN-12 activation in the VPCs and 
suggests a positive feedback mechanism.    
To test the possibility of positive feedback, we manipulated LIN-12 activity in the 
VPCs and observed the effect on LAG-1::GFP accumulation.  Our results support the 
interpretation that LIN-12 activity increases the expression and/or stability of LAG-
1::GFP in VPCs.  First, we used the transgene arTi102[lin-31p::lin-12(intraΔP)] to 
ectopically express a constitutively active and stable nuclear form of LIN-12, LIN-
12(intraΔP), which is known to activate lin-12 target gene reporters in all VPCs 
(Underwood, Deng, and Greenwald 2017; Deng and Greenwald 2016). The presence of 
constitutively active LIN-12 resulted in the loss of the 2o fate pattern.  The level of LAG-
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1::GFP in non-2o VPCs (P4.p, P6.p and P8.p) was increased to be comparable to the 
level achieved normally in the 2o VPCs (P5.p and P7.p) (Fig. 1B,D).    We note that 
animals carrying this transgene produce a functional vulva, indicating that P6.p adopts 
its normal 1o fate, consistent with mechanisms that resist LIN-12/Notch when EGFR is 
active (Underwood, Deng, and Greenwald 2017), and suggesting that the increase in 
LAG-1::GFP is a consequence of LIN-12 activation as opposed to an overt cell fate 
transformation.   
We then reduced lin-12 activity using two different approaches: the null allele lin-
12(n941) to eliminate lin-12 activity, and genetic ablation of the AC using the proximal 
gonad-specific null allele hlh-2(ar614) (Attner et al. 2019) to prevent the production of 
LIN-12/Notch ligands by P6.p to activate LIN-12(+) in P5.p and P7.p.  Both treatments 
resulted in loss of 2o fate pattern, and we observed uniformly low LAG-1::GFP 
accumulation in all VPCs (Figs. 1E-H). 
We made two additional observations during this analysis.  One observation 
pertains to the level of lag-1 expression in VPCs where LIN-12 is not active: in a lin-
12(+) background, the level of LAG-1::GFP in P6.p, where EGFR-Ras-ERK signaling is 
active, is similar to the level in P4.p and P8.p, where EGFR-Ras-ERK signaling is not 
active (de la Cova et al. 2017).  This result suggests that mechanisms that counter 
potential LIN-12 activation in the presumptive 1o VPC do not do so by negatively 
regulating LAG-1 accumulation.  The other observation is that both methods used to 
eliminate lin-12 activity caused all VPCs to have a lower level of LAG-1::GFP 
accumulation than 3o VPCs in a lin-12(+) background.  This observation suggests that a 
basal level of lin-12 activity, inferred from genetic data (Greenwald, Sternberg, and 
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Horvitz 1983; Greenwald and Seydoux 1990), helps set the initial level of lag-1 
expression.       
 
The level of endogenously-tagged LAG-1 increases where LIN-12 is active during 
the AC/VU decision in gonadogenesis and in the early M lineage 
To determine if the increase of LAG-1 levels in VPCs where LIN-12 is active is a special 
property of VPCs, we examined two other well-studied paradigms in which LIN-12 
activity specifies cell fate during reproductive system development: the developing 
gonad and the developing sex musculature.  In both cases, we observed a higher level 
of LAG-1::GFP in cells where LIN-12 is active, suggesting that the inferred positive 
feedback mechanism may be general in somatic reproductive system development. 
 In the central region of the developing somatic gonad, four cells in the L2 stage 
initially have the potential to be the anchor cell (AC) or a ventral uterine (VU) precursor 
cell (Fig. 2A).  When the somatic primordium forms, the two outer cells, called β cells, 
are rapidly specified as VUs and continue to express LIN-12; the two inner cells, called 
α cells, interact with each other via LIN-12/Notch to resolve which will be the AC and 
which will be another VU.  The LIN-12/Notch-mediated interaction between the α cells is 
called the AC/VU decision.  During the AC/VU decision, lin-12 and the gene encoding 
its ligand, lag-2, are initially expressed in all four cells; lin-12 transcription is maintained 
in presumptive VUs via autoregulation, and lag-2 transcription is lost in the presumptive 
VUs through degradation of its transcriptional activator, HLH-2 (Wilkinson, Fitzgerald, 
and Greenwald 1994; Karp and Greenwald 2003; Sallee and Greenwald 2015).  
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Ultimately, all three specified VUs exhibit high LIN-12 activity, while the specified AC 
does not (Fig. 2A).    
 We marked the α and β cells of the developing somatic gonad primordium with 
GFP using arTi22[hlh-2(prox)p::GFP::H2B]; this marker is initially expressed in all four 
cells with AC potential, and then becomes progressively restricted from presumptive 
VUs until it is expressed only in the presumptive AC (Sallee and Greenwald 2015).  
GFP expression therefore allowed us to examine the expression of LAG-1::mKate2 
protein as a function of the AC/VU decision. Initially, LAG-1::mKate2 is undetectable in 
the α and β cells (Fig. 2B).  Later in development, but still prior to resolution of the 
AC/VU decision, LAG-1::mKate2 is present at similar levels in the α and β cells (Fig. 
2C).  After resolution of the AC/VU decision, the level of LAG-1::mKate2 was higher in 
the three VUs than in the AC, suggesting that LAG-1 is preferentially expressed in cells 
with high LIN-12 activity (Fig. 2D).  A similar expression profile was observed for the 
LAG-1::GFP allele (Fig. S2).  
 The postembryonic blast cell M is present at hatching, and undergoes a dorsal-
ventral division in the L1 stage; the dorsal lineage is specified through TGF-β signaling, 
while the ventral lineage is specified by LIN-12/Notch, via a ligand made by adjacent 
ventral hypodermal cells (Foehr and Liu 2008).  The stages of the lineage are 
designated based on the number of descendants. LIN-12 protein is present both dorsal 
and ventral lineages, starting at the “4-M” stage and continuing through the “18-M” 
stage, but lin-12 activity is restricted to the ventral lineage because signal transduction 
is activated by LIN-12/Notch ligands present ventrally but not dorsally (Foehr and Liu 
2008) (Fig. 2E).  lin-12 activity is required to specify the fates of the sex myoblasts 
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(SMs), which arise in the ventral lineage at the 18-M stage, and migrate to the midbody, 
flanking the gonad, where later they generate egg-laying vulval muscles.  Their lineal 
cognates in the dorsal lineage are coelomocytes.  We observed that LAG-1::GFP is 
preferentially expressed in the ventral descendants of the M-cell from 4-M to 18-M 
compared to the dorsal homologs (Fig. 2F).   
Together with the observations in VPCs, the analysis of LAG-1::GFP expression 
in the developing gonad and sex muscle paradigms suggest that preferential LAG-
1::GFP expression in cells with LIN-12 signaling may be a general feature of lag-1 
regulation in the somatic reproductive system. 
 
An endogenous "knock-in" transcriptional reporter revealed that the correlation 
of LAG-1 expression with LIN-12 activity is transcriptionally mediated 
Approximately 70% of all C. elegans mRNAs are trans-spliced by the addition of a 22nt 
sequence, either “spliced leader 1” (SL1) or “spliced leader 2” (SL2).   SL2 is trans-
spliced to downstream genes located in naturally occurring operons in the worm 
genome, with the SL2 acceptor sequence located in the intergenic region between the 
upstream and downstream genes (Blumenthal 2012).  Synthetic operons can be 
generated by placing an intergenic region taken from the CEOPX036 operon between 
two separate coding sequences.  This strategy has been used in fosmid-based contexts 
to make transcriptional reporters by fusing the SL2 acceptor sequence and the coding 
region for a fluorescent protein 3’ to the gene of interest (Tursun et al. 2009).  We 
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adapted that approach to test if the increase in LAG-1::GFP levels observed in cells 
where LIN-12 is active reflected increased lag-1 transcription. 
 We used CRISPR/Cas9 genome editing to construct lag-1(ar618), a bicistronic 
lag-1::gfp::sl2acc::nls::tdTomato::nls allele, where “sl2acc” represents the 
aforementioned intergenic trans-splicing acceptor region from CEOPX036 (see Methods 
for details).  Two separate mRNAs are created via SL2-mediated trans-splicing: one 
encoding LAG-1::GFP with a heterologous 3’UTR and the other NLS::tdTomato::NLS 
with the endogenous lag-1 3’UTR (Fig. 3A).  If the 2o pattern of LAG-1::GFP we 
observed in lag-1(ar611[lag-1::gfp]) reflects regulation at the transcriptional level, then 
we would expect to observe that both LAG-1::GFP and NLS::tdTomato::NLS exhibit the 
same 2o pattern in L3 VPCs.  However, if regulation occurs post-transcriptionally, we 
would expect to see differences between the pattern of LAG-1::GFP and 
NLS::tdTomato::NLS accumulation, as they share transcriptional regulation but differ in 
their 3’UTR and protein sequences.   
We found that in VPCs during the L3 stage, both LAG-1::GFP and 
NLS::tdTomato::NLS exhibited a 2o pattern (Fig. 3B and 3C), suggesting that the 2o 
pattern of LAG-1::GFP observed in lag-1(ar611) reflects regulation at the level of 
transcription.   
  




A simple hypothesis to account for increased transcription of lag-1 in cells where LIN-12 
is active is that there is positive autoregulation of lag-1 transcription. To test this 
possibility, we generated a series of transcriptional reporters.  The resulting transgenes 
were generated using CRISPR/Cas9 single-copy insertion techniques at a well-
described site on LG I (Methods) to control for positional and copy-number effects 
between different transgenes. The gcy-5 minimal promoter [gcy-5p(min)] provides a 
heterologous transcriptional start site, and was chosen because it alone does not drive 
expression in VPCs but allows expression in VPCs when combined with other VPC 
gene regulatory elements (Zhang and Greenwald 2011)(Fig. S4A).  
The lag-1 gene has four predicted isoforms, with the a/b isoforms starting ~9k 
upstream of isoform d (Fig. 4A).  A transcriptional reporter corresponding to the 5’ 
intergenic region of the a/b isoform did not drive expression in the VPCs (Fig S4B). We 
therefore analyzed lag-1 for conserved potential LAG-1 binding sites (LBSs) that would 
be located in the potential 5' regulatory regions for the c or d isoforms, which also 
constitute introns for the a/b isoforms.  We performed the search using the consensus 
sequences TGGGAA or YRTGRGAA, which were derived from the original EMSA 
studies and also match the motif from a recently published LAG-1 ChIP-Seq (Bailey and 
Posakony 1995; Chen et al. 2020; Lai, Bodner, and Posakony 2000; Lai et al. 2000; 
Lecourtois and Schweisguth 1995; Nellesen, Lai, and Posakony 1999). Additionally, 
these motifs have been shown to predict functional LBSs in C. elegans VPCs (Yoo, 
Bais, and Greenwald 2004; Yoo and Greenwald 2005) (see also Methods and 
Materials).  We identified a cluster of nine LBSs within a sequence of 700-800 bp that is 
conserved among multiple Caenorhabditis species (Fig. S3 and Fig. 4A).  The high 
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degree of conservation suggested functional importance, and the large number of 
conserved LBSs made this region especially attractive to analyze as potentially 
mediating autoregulation.  
This LBS-rich conserved region was additionally attractive based on ChIP-seq 
studies.  First, it is embedded within a 2 kb region that was significantly (p<0.01) 
enriched in all available ChIP-Seq tracks in C. elegans at the time we began this study, 
and therefore may be considered a "high occupancy target (HOT) region" (Wreczycka 
et al. 2019).  Second, Chen et al. showed that LAG-1 also binds to this HOT region, 
strengthening our inference based on predicted, conserved LBSs that it is a potential 
site of autoregulation (Chen et al. 2020).   
We initially analyzed a 2.7 kb region encompassing this conserved region to 
study the basis for the 2o pattern of lag-1 transcription (Fig 4A).  This enhancer region 
contains 18 LBSs and extends through to a Hox site (Roiz et al. 2016) immediately 3’ to 
the HOT region.  A transcriptional reporter containing the intact 2.7 kb enhancer 
combined with gcy-5(min) produced a 2o fate pattern (Fig. 4B), faithfully reporting the 
expression pattern of endogenously-tagged LAG-1 and the “knock-in” artificial operon.   
We then performed additional analysis to identify a minimal region that is 
sufficient to allow for basal expression in all VPCs and upregulation in 2o VPCs.  This 
analysis established the “1.6 kb enhancer” region, which begins at the start of the 
conserved region and extends to the 3’ end of the 2.7 kb region (Fig. 4C).  Smaller 
regions were not sufficient or drove weaker expression (Figs.4G-H).  We note that non-
conserved LBSs, and sequences other than LBSs both within or outside of the 
conserved region, may influence lag-1 expression, but in sum, the evidence indicates 
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that the conserved LBSs in the 1.6 kb enhancer region are the main elements that 
confer the 2o pattern.  
The 1.6 kb enhancer exhibited preferential expression in VUs and in the ventral 
lineage of the M-cell from 4-M to early 18-M similar to LAG-1::GFP (Figs. 5A and 5C), 
suggesting it is a candidate for mediating autoregulation in response to LIN-12 
activation in these cell contexts as well.    
 
Increased expression of lag-1 in cells with active LIN-12 depends on LAG-1 
binding sites and indicates positive autoregulation 
Upregulation of lag-1 transcription in cells where LIN-12 is active could reflect 
direct positive autoregulation via LBSs in lag-1 or be an indirect effect mediated by other 
transcription factors.  To test the requirement for LBSs, we mutated the LBSs from 
TGGGAA to AGGGAA and YRTGRGAA to YRAGRGAA, mutations shown to disrupt 
LAG-1/CSL binding in electrophoretic mobility shift assay (EMSA) studies (Christensen 
et al. 1996) and to disrupt lin-12 target gene reporter expression in vivo in C. elegans 
(Yoo, Bais, and Greenwald 2004; Yoo and Greenwald 2005).  Importantly, mutating the 
LBSs in cis in these reporters does not disrupt cell fate specification, avoiding the 
potentially confounding effect of cell-fate transformation that would occur if LIN-12-
mediated cell-fate specification is disrupted by depleting lag-1 in trans. 
Our mutational analysis suggests that, in this reporter context, the LBSs in the 
conserved region of the 2.7 kb enhancer appear to be essential for both basal 
expression and the 2o VPC pattern.  The 2.7 kb enhancer contains 18 LBSs, nine of 
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which reside in the conserved region (Fig. 4B).  When we mutated the nine LBSs in the 
conserved region and left the nine LBSs outside of the conserved region intact, in 
addition to no longer observing a 2o pattern, we were unable to detect any expression 
from the 2.7kb enhancer in the VPCs during the L3 stage (Fig. 4F). Conversely, when 
we left the nine LBSs in the conserved region intact and mutated the nine LBSs outside 
the conserved region, a stereotypical 2o pattern was detected in the L3 stage (Fig. 4E), 
including basal reporter expression in P4.p, P6.p, and P8.p.   
The abrogation of the basal level of expression of lag-1 in VPCs when the nine 
LBSs in the conserved region of the 2.7 kb enhancer are mutated was also observed 
when we prevented LIN-12 signal transduction in VPCs in a lin-12(0) mutant or in the 
absence of an AC.  Together, these results suggest that basal level or maintenance of 
lag-1 expression is achieved via an autoregulatory mechanism.  The source of ligand 
may be nearby neurons that express lag-2 (Li and Greenwald 2010; Takacs-Vellai et al. 
2007) or a low level of LIN-3/EGF from the AC that is below the threshold for 1o fate and 
associated mechanisms that oppose lin-12 activity (Barkoulas et al. 2013; Underwood, 
Deng, and Greenwald 2017; Yoo, Bais, and Greenwald 2004; Berset et al. 2001). 
We next performed mutational analysis using the 1.6 kb enhancer region.  When 
all 13 LBSs were mutated in the context of the 1.6 kb enhancer, the 2o fate pattern was 
compromised while basal VPC expression was maintained.  The level of expression in 
both P5.p and P7.p was reduced relative to the wild-type enhancer, with the level in 
P7.p reduced to the level observed in other VPCs (Fig. 4D); the residual elevation in 
P5.p may reflect other inputs into this enhancer that are normally masked by 
upregulation via LBSs. Furthermore, this mutant enhancer did not display the 
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characteristic preferential expression in cells where LIN-12 is active in the somatic 
gonad and M lineages (Figs. 5B, 5D, 5E).  
Together, this analysis indicates that upregulation of lag-1 transcription in cells 




Evidence for default repression by LAG-1   
In Drosophila and mammals, CSL proteins can act as default repressors of Notch target 
genes when Notch is inactive (reviewed in (Lai 2002)).  Such default repression was not 
observed in the C. elegans germline, based on the absence of overlap between genes 
displaying elevated expression in the absence of lag-1 and germline LAG-1 ChIP-seq 
peaks (Chen et al. 2020), or in VPCs, where loss of lin-12 activity does not increase 
LAG-1 expression in VPCs (Fig. 1) and expression from the intact and LBSmut versions 
of the 1.6 kb enhancer has a similar baseline level in non-2o VPCs (Fig. 4). 
 However, our analysis suggests default repression in the AC/VU context.  
Expression of GFP is qualitatively (Figs. 5A and B) and quantitatively (Fig. 5E) greater 
in the AC when driven by the LBSmut version of the 1.6 kb enhancer than by the intact 
1.6 kb enhancer (Fig. 5E).   In addition, the level of expression in the AC and VU 
appears similar when driven by the LBS mutant enhancer and there is more variability 
(Fig. 5E), consistent with "noisier" expression and potential dysregulation resulting from 
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loss of LAG-1-modulated transcription.  Qualitatively, it appears that default repression 
may also be observed in the SM mother and CC lineal homologs, but we were unable to 
quantify expression in these cells due to technical limitations during image processing.  
Overall, these results are consistent with other findings that CSL is critical for 
expression of Notch-activated enhancers in certain cells, but removal of CSL also led to 
a broadening of expression of such enhancers into other cell types (Morel and 
Schweisguth 2000). 
 
Deletion of the HOT region encompassing the conserved LBSs abrogates 
endogenous LAG-1::GFP expression in VPCs and leads to vulval and egg-laying 
defects 
Our reporter analysis suggested that the LBSs within the conserved HOT region were 
likely to be necessary for expression and positive autoregulation of lag-1 in the somatic 
reproductive system.  We did not succeed in attempts to use CRISPR/Cas9 to make 
multiple specific point mutations in this region, so we instead deleted the 2 kb HOT 
region that encompasses the conserved region of the allele lag-1(ar611[lag-1::gfp]) (Fig. 
6A). Surprisingly, the resulting mutant, lag-1(ar611ar647[lag-1( HOT)::gfp]), was 
homozygous viable.  Nevertheless, there were overt phenotypic consequences 
consistent with defects in development of the reproductive system: lag-1( HOT)::gfp) 
hermaphrodites were egg-laying defective at all temperatures (n = 63/66 at 25o), and 
displayed a temperature-dependent abnormal vulval eversion (Evl) defect (n = 121/122 
at 15o, n= 36/52 at 25o) (Fig. 6C) (Figs. S6A-C).  Such defects are also seen in lin-12 
hypomorphs, and may have several different underlying causes, including incompletely 
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penetrant cell fate transformations (Sundaram and Greenwald 1993a).  The defects we 
see may therefore reflect less effective LIN-12 activity due to reduction of lag-1 
expression, but it remains possible that they reflect other roles of lag-1 in later 
reproductive system development. 
 We looked for evidence of defects in the AC/VU decision and VPC 2o fate 
specification in lag-1( HOT)::gfp hermaphrodites.  We used arIs222[lag-
2p::NLS::tagRFP] expression to mark the AC, and observed a single AC in the L3 stage 
of hermaphrodites grown at 25o, indicating that the AC/VU decision had been made 
normally.  LAG-1::GFP fluorescence of lag-1( HOT)::gfp appeared to be much dimmer 
in the somatic gonad when compared with lag-1::gfp, but expression in the head at all 
stages and in L1 rectal cells was not affected (data not shown), consistent with the 
absence of hallmark Lag phenotypes associated with L1 lethality (Lambie and Kimble 
1991). 
 To assess 2o VPC fate specification, we first quantitated the fluorescence of 
LAG-1::GFP in the VPCs of lag-1( HOT)::gfp hermaphrodites at 25oC, as in our 
analysis above.  We found that LAG-1::GFP levels were significantly decreased in all 
VPCs, below basal levels seen for the intact locus, consistent with observations 
described above suggesting the basal expression in VPCs is mediated by LIN-12/Notch 
activation of LBSs located in the HOT region, and that there was no 2o pattern, 
consistent with loss of positive autoregulation (Figs. 6D and 6E).  
 The reduction in lag-1::gfp expression in lag-1( HOT)::gfp hermaphrodites does 
not compromise the overt specification of the 2o fate.  Loss or strong reduction of lin-12 
activity results in a failure of lateral signaling, such that P5.p and/or P7.p adopt the 1o or 
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3o vulval fate instead of the 2o vulval fate (Greenwald, Sternberg, and Horvitz 1983; 
Sundaram and Greenwald 1993a).   Partial failure of lateral signaling can be assessed 
by the ectopic expression of 1o fate markers in prospective 2o VPCs even if they 
otherwise have 2o character (Yoo, Bais, and Greenwald 2004; Berset et al. 2001).  The 
arIs222[lag-2p::NLS::tagRFP] marker of AC fate is also a marker of 1o VPC fate, and we 
did not observe ectopic expression of tagRFP in P5.p and P7.p, suggesting that 2o fate 
specification occurred normally.  A difference in expression between lag-1( HOT)::gfp  
and lag-1::gfp was noted later: as the lineage progresses from mid to late L3, ectopic 
expression of arIs222[lag-2p::NLS::tagRFP] becomes increasingly evident: 18% of 
animals at the "Pn.px" stage, and 45% at the “Pn.pxx” stage (Fig. 6F-G).  This 
observation suggests execution of the 2o fate is compromised. 
 Abnormalities in 2o fate execution suggested by ectopic lag-2 reporter expression 
in VPC descendants may contribute to abnormal vulval eversion, but the penetrance of 
the egg-laying defect in animals grown at 25o is higher than any vulval abnormalities 
observed.   Defects in later diversification of the egg-laying musculature (Hale et al. 
2014) as well as defects in terminal features of gonadal and vulval cell types from early 
or persistent deficit in lag-1 transcription, may underlie the egg-laying defect as well as 
contributing to abnormal vulval morphology.   
 
DISCUSSION 
This study began with the observation that the accumulation of endogenous LAG-
1::GFP becomes higher in cells where LIN-12/Notch is active than in cognate cells with 
low LIN-12/Notch activity in three important cell fate decisions in reproductive system 
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development.  We constructed a synthetic operon, in which the spliced leader sequence 
sl2 was used to drive tdTomato expression in tandem with endogenous lag-1 
transcription, and demonstrated that this LAG-1::GFP upregulation was at the level of 
transcription.  We then identified an enhancer rich in LAG-1 Binding Site (LBS) 
sequences and, using transgenes, showed that these LBS sequences are required for 
upregulation in response to LIN-12/Notch activation.  We further observed that this 
enhancer region is embedded in a High Occupancy Target (HOT) region identified in 
ChIP-seq experiments for many different transcription factors, including LAG-1 
(Wreczycka et al. 2019; Chen et al. 2020) .   
 When we deleted the entire HOT region from the endogenous lag-1 gene, we 
saw greatly reduced expression from the locus, as well as failure to upregulate activity 
in cells where LIN-12 is active.  Despite these effects on gene expression, we did not 
observe hallmark phenotypes associated with loss of Notch activity in C. elegans: 
animals were viable, indicating that embryonic cell fate decisions mediated redundantly 
by lin-12/Notch and glp-1/Notch were normal; fertile, indicating that glp-1/Notch activity 
in the germline was sufficient to prevent premature entry into meiosis; cell fate marker 
expression indicated that the AC/VU decision and 2o VPC fate specification mediated by 
lin-12/Notch during reproductive system development were also normal.   
 However, we observed that somatic reproductive system development was 
affected, and that hermaphrodites had an egg-laying defect and abnormal vulval 
eversion.   These defects are consistent with defects in later development of the 
reproductive system, which involves coordination and conjunction of gonad, vulva, and 
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sex muscles, each of which may be individually affected by reduction in lag-1 activity, 
such that the overall adult phenotype may reflect additive or cumulative effects.   
 The temperature-sensitivity of these defects suggests that transcriptional 
regulation of lag-1 may contribute to the robustness of reproductive system 
development.  Robustness is defined as the ability of an organism to resist stochastic, 
environmental, and genetic perturbations to its development (Felix and Wagner 2008).  
This evolutionary mechanism is thought to be vital for maintaining developmental 
integrity while allowing for cryptic variation to give rise to increasingly fit organisms 
(Kienle and Sommer 2013).  VPC specification in C. elegans has been used as a model 
to study robustness given that divergence from a normal specification pattern is rare not 
only in response to environmental stimuli such as temperature, starvation, and differing 
food sources but also tolerance for genetic variation (Braendle and Felix 2008; Zauner 
and Sommer 2007; Grimbert and Braendle 2014; Barkoulas et al. 2013).  Indeed, the 
robustness of VPC patterning can withstand significant perturbation of the activity of 
LIN-3/EGF and LIN-12/Notch (Barkoulas et al. 2013).  Notably, even when a marked 
effect on gene expression was observed, the range of phenotypic variation was still 
buffered (Braendle and Felix, 2008; (Barkoulas et al. 2013).  Thus, it is plausible that the 
regulated level of lag-1 activity contributes to robustness to environmental effects for 
different lin-12/Notch-mediated events in somatic reproductive system development. 
 
MATERIALS AND METHODS 
C. elegans alleles and transgenes 
A full list of strains and genotypes used in this study can be found in Table S1. 
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lag-1(ar611), lag-1(ar613) and lag-1(ar618) are endogenously-tagged lag-1 
alleles generated by CRISPR/Cas9 for this study (see below).  Strains carrying these 
alleles were viable and fertile, appear overtly wild-type, and had no detectable cell fate 
transformations involving the AC/VU decision, VPC fate patterning, or SM specification.   
 lin-12(n941) is a null allele (Greenwald, Sternberg, and Horvitz 1983); because 
homozygotes are sterile, strains containing lin-12(n941) were maintained using the 
rescuing extrachromosomal array arEx1442, which expresses lin-12(+) and is marked 
myo-3p::mCherry (Sallee, Aydin, and Greenwald 2015), allowing the identification of 
homozygous segregants that lack the array based on lack of mCherry expression in 
body wall muscles. 
Transgenes generated during the course of this work are described in the section 
"lag-1 Enhancer Analysis" below.  The following transgenes were used to mark cells of 
interest or to ascertain cell fate: 
 VPCs:  jccTi1[lin-31p::mCherry::H2B] (de la Cova et al. 2017) and arTi253[lin-
31p::mTurquoise::H2B] (generated by miniMOS (Frokjaer-Jensen et al. 2014) for single-
copy genomic insertion of pKL44) are expressed in VPCs during the L2 and L3 stages.  
The transgene arIs222[lag-2p::NLS::tagRFP] is expressed in 1o VPCs in response to 
the inductive signal and therefore marks 1o fate . 
 Proximal somatic gonad:  arTi112[ckb-3p:: mCherry::H2B] labels all somatic 
gonad cells in the L2 and early L3 stages, until the somatic gonad blast cells divide and 
dilute the fluroescent histone (Attner et al. 2019; Tenen and Greenwald 2019).  
arIs222[lag-2p::NLS::tagRFP] is expressed in all four cells with AC potential and 
resolves to the AC by the mid-L3 stage (Sallee, Aydin, and Greenwald 2015).  
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arTi22[hlh-2(prox)p::GFP::H2B] was used to label the somatic gonad during L2; 
expression is initially equivalent in α and β cells, gradually becomes restricted to the α 
cells only during the AC/VU decision and after β specification to VUs, and finally to the 
AC only following resolution of the AC/VU decision (Sallee, Littleford, and Greenwald 
2017).  
 M-lineage:  jjIs3900[hlh-8p::NLS::mCherry] marks all M-lineage descendants in 
the L1 and L2 stages (Shen et al. 2017).   
 
CRISPR/Cas9 genome editing 
lag-1(ar611[lag-1::gfp]) was generated through an unc-22 co-CRISPR strategy, using 
sgRNAs targeting both the lag-1 locus and unc-22 (Kim et al. 2014).  The allele was 
modeled off of a lag-1 fosmid, whose tag contains a 2xTY1-GFP-frt-2xFLAG (Sarov et 
al. 2012).  A silent mutation was incorporated into the homology repair template to 
mutate the PAM site.  A hygromycin resistance cassette, flanked with loxP sites, was 
inserted 3’ to the lag-1 3’UTR.  
 lag-1(ar613[lag-1::mKate2]) was generated using the self-excising cassette 
strategy (Dickinson et al. 2015), using a sgRNA that targeted the junction between the 
last exon of lag-1 and the lag-1 3’UTR, alleviating the need to mutate the PAM site.   
 lag-1(ar618[lag-1::gfp::sl2acc::nls::tdTomato::nls]) was made using a similar 
strategy to lag-1(ar613).  The NLS::tdTomato::NLS sequence contains an N-terminal 
SV40 NLS and a C-terminal egl-13 NLS, followed by TEV-3xFLAG.    
 lag-1(ar611ar647[lag-1::gfp( HOT)])was achieved by injecting preformed Cas9-
tracrRNA-crRNA snRNP complexes with the homology repair along pRF4 [rol-
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6(su1006)] (Dokshin et al. 2018) into lag-1(ar611); jccTi1[lin-31p::mCherry::H2B].  We 
used PCR-based screening to identify the appropriate mutant, followed by sequence 
confirmation of the deletion.  A list of sequences targeted for editing by sgRNA or 
crRNA is provided in Table S2, and a list of primers used to generate the homology 
arms is listed in Table S3.  For ttTi4348 CRISPR/Cas9-medited transgenic insertions, 
please see (Pani and Goldstein 2018). 
 
Analysis of LAG-1::GFP expression in VPCs:  image acquisition, and 
quantification  
All larvae used for image quantification were grown at 25oC.  L3 larvae were taken at 30 
hours after a 2 hour egg-lay and mounted in 12.5 µM levamisole on agarose pads.  
Image stacks were collected from a spinning disk confocal microscope (Carl Zeiss) at 
0.25 µm intervals.  All photomicrographs used for quantification were taken using a VPC 
marker, jccTi1[lin-31p::mCherry::H2B::unc-54 3’UTR] or arTi253[lin-
31p::mTurquoise::H2B::unc-54 3’UTR] (the latter in the case of quantification of lag-
1(ar618[lag-1::gfp::sl2acc::nls::tdTomato::nls]).  It was noted that there no bleed-through 
of mTurquoise into the GFP channel, but there was bleed-through of GFP into the CFP 
channel.  An image “blank” was taken at each experiment for flatfielding purposes.  A 
dual camera system (Carl Zeiss) was used to acquire GFP/YFP and mCherry 
simultaneously.  For all images, exposure times used for GFP was 500ms, mCherry 
was 150ms, YFP was 500ms, RFP from the NLS::tdTomato::NLS was 500ms, and 
mTurquoise was 1000ms. 
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Images were processed by a pipeline as described in de la Cova et al. (2017) 
using ImageAnalysis software from the Covert Lab to identify VPCs P4.p through P8.p 
(de la Cova et al. 2017; Regot et al. 2014).  A custom Matlab script was used to sum the 
maximum five integrated intensity values of each VPC within an animal to obtain the 
total fluorescence intensity value.  To compare the degree of patterning relative to P6.p, 
the summed value of each VPC was normalized to the summed value of P6.p within the 
same animal. 
  
Statistical Analysis of LAG-1::GFP expression in VPCs 
Because our sample data did not pass the Shapiro-Wilk test of normality, the non-
parametric Wilcoxon Signed Rank was used to compare P5.p and P7.p with P6.p, and 
Mann-Whitney U tests was used to compare VPCs from different sets of data (e.g. P4.p 
expression from the 1.6 kb enhancer with P4.p expression from the 1.6 kb enhancer 
(LBSmut)).     
 
Analysis of LAG-1::GFP and transgene expression in the AC/VU decision and M 
lineage 
We analyzed LAG-1::GFP and wild-type or LBS(mut) transgenes formed from 1.6 kb 
enhancer reporters in the proximal somatic gonad and in the M lineage.  To score 
expression in the somatic gonad, we marked gonadal cells with  arTi112[ckb-
3p::mCherry::H2B] and examined hermaphrodites in the late-L2 stage, after the somatic 
gonad primordium had formed (Kimble and Hirsh 1979).  Characteristic morphology and 
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position (5R and 5L) in the somatic primordium was used to identify the AC or VUs, and 
then relative intensities was assessed qualitatively.  
 To score expression in cells of the M lineage, we marked cells with jjIs3900[hlh-
8p::NLS::mCherry], which was kindly provided by Jun (Kelly) Liu of Cornell University 
(Shen et al. 2017).  Morphology was first determined by counting the number of cells 
expressing NLS::mCherry to determine the stage of the M-lineage descendants.  Only 
4-M through 18-M (Foehr and Liu 2008) (prior to anterior migration of the SM) stages 
were used for scoring.  Preferential expression was then qualitatively assessed through 
the appropriate GFP or YFP channel (depending on whether the LAG-1::GFP or the 
enhancers were being assessed) on a spinning disk confocal microscope. 
 
lag-1 enhancer analysis 
The enhancer analysis was performed by inserting enhancer transgenes into the 
defined site on linkage group I, ttTi4348, using reagents provided by Ariel Pani and Bob 
Goldstein (Pani and Goldstein 2018).  This method not only allowed for single-copy 
analysis but also a controlled genomic environment for quantitation. 
 The germline injection mixture is as described previously (de la Cova et al. 
2017).  The homology repair templates were generated using pWZ111, which contained 
the homology arms specific to ttTi4348 along with a self-excising cassette that was used 
to identify successful insertions.  The homology repair was injected at 10 ng/ul along 
with the sgRNA plasmid pAP082 (65 ng/ul), and fluorescent coinjection plasmids 
pCFJ90[myo-2p::mCherry] (2.5 ng/ul) and pGH8[rab-3p::mCherry] (10 ng/ul).  Injected 
hermaphrodites were incubated for 2 days at 25oC before a hygromycin solution was 
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added to a final concentration of 250 μg/mL.  Surviving F1 and F2s were then assayed 
for insertion of the transgene.   
The 2.7 kb enhancer region was selected to encompass the greatest density of 
LAG-1 Binding Sites (LBSs, defined as TGGGAA or YRTGRGAA, see Results for more 
information) in the lag-1 genomic locus.  This region is located in the intron between the 
first and second exons of isoforms A/B, and in the 5' region upstream of isoforms C and 
D.  This region differs from that of a previous, preliminary enhancer analysis performed 
using extrachromosomal arrays and a Δpes-10 minimal promoter  (Choi, Park, and 
Hwang 2013) in that it contains an additional 800-900 bp to the 3’ end, which we found 
increases the strength of expression and was crucial for the detailed analysis described 
herein.   
 The 2.7 kb enhancer contains 18 LBSs.  We performed a BLAT alignment (Kent 
2002) against eight other Caenorhabditis species: C. sinica, C. tropicalis, C. nigoni, C. 
remanei, C. brenneri, C. briggsae, C. angaria, and C. japonica.  Of these species, only 
C. japonica and C. angaria failed to align with the enhancer region.  The regions that 
had aligned to the 2.7 kb enhancer were also all found to be in the 5’ intergenic region 
of the lag-1 homolog of the corresponding Caenorhabditis species.  None of these 
regions were located in the intron of any lag-1 isoforms, as with C. elegans, but were 
primarily located in promoter or intergenic regions, with the exception of C. tropicalis, 
whose conserved region was located in the intron of a gene that was adjacent to its lag-
1 homolog.  This gene was found to have no C. elegans homologs, nor did it align 
(using BLASTx) to the annotated coding genes of other Caenorhabditis species.  We 
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defined the conserved region as the overlapping sequence that was common to all six 
Caenorhabditis species that had possessed an alignment using Clustal Omega. 
 We identified the HOT region by downloading the HOT region track from 
Wreckzycka et al. (2019), which had defined a HOT region as the 99th percentile in 
binding (equivalent to p<0.01).  We found the track overlapped with the conserved 
region and was located within the larger 2.7 kb enhancer we had determined to contain 
the desired cluster of eighteen LBSs that were sufficient to reproduce the LIN-12-
dependent expression patterns that were analyzed.   
 The following transgenes were created from the 2.7 kb enhancer and fused to 
the 200 bp gcy-5 minimal promoter to drive expression of 2xNLS::YFP using Gibson 
assembly cloning (Gibson 2011): 
 arSi31: This transgene contained the minimal 200 bp gcy-5 promoter only. 
 arSi35: The full 2.7 kb enhancer was used in this transgene.   
 arSi59: The region 5’ to the conserved region was removed from the 2.7 kb 
enhancer to create the 1.6 kb enhancer. 
 arSi60: This region is the same as arSi59 except with all 13 LBSs mutated 
(TGGGAA→AGGGAA and YRTGRGAA→YRAGRGAA), thus generating the 1.6 kb 
enhancer (LBSmut) 
 arSi70: This transgene is the same as arSi59 except all the LBSs not located in 
the HOT region were mutated (TGGGAA→AGGGAA and YRTGRGAA→YRAGRGAA). 
 arSi53: The conserved region only was used in this transgene. 
 arSi55: The conserved region with an additional ~200bp on each 5’ and 3’ end 
was used to make this transgene. 
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 arSi74: The full 2.7 kb enhancer was used in this transgene with only LBSs 
located in the non-conserved region mutated. 
 arSi81: The full 2.7 kb enhancer was used in this transgene with only LBSs 
located in the conserved region mutated. 
 Additionally, arSi86 is a transgene comprised of a 1.4 kb gene-to-gene intergenic 
region from lag-1’s 5’ upstream neighbor cpi-1 down to the ATG of lag-1’s first exon.  
This transgene is followed by a 2xNLS::YFP, but does not contain the 200 bp gcy-5 
minimal promoter, because the lag-1 promoter would provide its own transcriptional 
start site.  All transgenes generated by insertion into ttTi4348 are also listed in Table S4.  
For a list of primers used to make these transgenes along with those of the lag-1 
CRISPR alleles, please see Table S5.   
 
ACKNOWLEDGEMENTS 
We thank Jessica Chan for assistance in generating the GFP-tagged lag-1(ar611) 
allele.  We also thank Julie Canman and Jun (Kelly) Liu for markers that facilitated this 
analysis, Tim Schedl and Jian Chen for communicating the results of their LAG-1 ChIP-
seq study prior to publication, Nuria Flames and Miren Maicas Iragarai for stimulating 
discussions, Claire de la Cova for providing initial guidance and instruction on image 
quantification, Peter Sims and Julie Canman for additional guidance on image analysis, 
Michele Attner for helpful discussion and comments on the manuscript, and Claudia 
Tenen and Claire de la Cova for additional thoughtful discussions.  Some strains were 
provided by the CGC, which is funded by NIH Office of Research Infrastructure 
Programs (P40 OD010440). Research reported in this publication was supported by the 
64 
 
Institute of General Medicine of the National Institutes of Health under award numbers 
R01 GM114140, R01 GM115718, and R35 GM131746 (to I.G.), and F31 CA177168 (to 






























































Figure 1. The level of LAG-1::GFP expression in VPCs correlates with lin-12 
activity. 
(A) VPC fate patterning (reviewed in (Sternberg 2005)) is initiated by an EGF-like ligand 
that activates EGFR in P6.p, the nearest VPC, specifying 1o fate and expression of DSL 
protein ligands, including LAG-2.  The DSL proteins activate LIN-12/Notch in the 
neighboring VPCs, P5.p and P7.p, leading to target gene expression and 2o fate.  
Descendants of the 1o and 2o VPCs form the vulva.  The other VPCs adopt non-vulval 
fates: P4.p and P8.p always adopt the 3o fate, which is to produce two daughters that 
fuse with the major hypodermal syncytium; in about half of wild-type hermaphrodites, 
P3.p adopts the 3o fate, but alternatively may fuse directly with the syncytium in the L2 
stage, so is no longer present as a VPC in the L3 stage.  We therefore omit P3.p from 
our analysis in this study. 
(B) Representative fluorescent orthogonal projection of the VPCs of an L3 lag-
1(ar611[lag-1::gfp]) hermaphrodite in a lin-12(+) (top) or activated LIN-12 (bottom) 
background.  LAG-1::GFP is visibly brighter in P5.p and P7.p than in other VPCs, the 
stereotypical 2o fate pattern, in a lin-12(+) background and is bright in all VPCs in the 
presence of activated LIN-12 (quantified in D). Scale bar = 10 μm. 
(C) Quantification of LAG-1::GFP fluorescence in VPCs of L3 lag-1(ar611[lag-1::gfp]) 
hermaphrodites shows higher levels of LAG-1::GFP in presumptive 2o fate VPCs than in 
other VPCs, p<0.001 by Wilcoxon signed-rank test, which was chosen because of non-
normal distribution of the sample populations (p<0.05 by Shapiro-Wilk Test of 
Normality).  Here and in all cases below, outliers were determined as values lying 
beyond 1.5x the interquartile range above the upper quartile or below the lower quartile. 
(D-F) All statistical comparisons were performed by Mann-Whitney U Test and compare 
the level of LAG-1::GFP on a VPC-by-VPC basis in a mutant background compared to 
the same VPC in lin-12(+) background shown in (C) (** p<0.01, ns not significant).   
(D) Quantification of LAG-1::GFP fluorescence with transgenic LIN-12(intraΔP). The 
presence of constitutively active, stable LIN-12(intraΔP) in VPCs leads to an increase of 
LAG-1::GFP in non-2o VPCs, equivalent to the level observed in 2o VPCs in the lin-
12(+) background.   
 We note that we did not compare the level of LAG-1::GFP in in the intraDP 
background between different VPCs (e.g. P5.p versus P6.p) because such comparisons 
are confounded by non-uniform expression of lin-31p; values normalized to P6.p are 
shown in Fig. S1B, and quantification of expression from a lin-31p::2xNLS::YFP 
transgene is shown in and S1C.   
(E) Quantification of LAG-1::GFP in a lin-12(n941) null background. LAG-1::GFP levels 
are significantly decreased in all VPCs in the absence of lin-12 activity compared to lin-
12(+)   
(F) Quantification of LAG-1::GFP in the absence of the Anchor Cell. In hlh-2(ar614[hlh-
2(Δprox)]) hermaphrodites lack an AC, resulting in the failure to induce VPCs to adopt 
vulval fates. LAG-1::GFP expression is significantly decreased in all VPCs in the 
absence of the AC compared to lin-12(+)   
 (G) Normalization to P6.p of (E), ns not significant, Wilcoxon signed-rank test. 









Figure 2. Tagged LAG-1 levels correlate with LIN-12 signaling in lineal cognates 
during gonad and muscle development. 
(A) Each somatic gonad progenitor, Z1 and Z4, gives rise to a pair of α and β cells, all 
four of which initially have the potential to be an AC (Seydoux et al., 1990). Their 
developmental potential becomes restricted over time.  The β cells commit to the VU 
fate first; the α cells remain bipotential for longer, and interact with each other to specify 
one AC and one VU.  During the course of their specification, lin-12 activity increases in 
the presumptive VUs, and diminishes in the presumptive AC (reviewed in (Greenwald 
2012)).  Dynamic influences that impact lin-12 activity during the AC/VU decision are 
discussed in (Sallee, Aydin, and Greenwald 2015; Attner et al. 2019). 
(B-D) LAG-1::mKate2 from lag-1(ar613[lag-1::mkate2]) is dynamically patterned during 
the AC/VU decision in the L2 stage.  The α and β cells are marked with GFP from 
arTi22[hlh-2(prox)p::GFP::H2B] (Sallee and Greenwald 2015) and progression is 
assessed by anatomy. All images shown are max projections.    
(B) Early in development, LAG-1::mKate2 is virtually undetectable in the α and β cells 
(dotted circles).   
(C) Later in development, prior to competion of the AC/VU decision, LAG-1::mKate2 is 
visible in all four α and β cells at similar levels.  
(D) Following the AC/VU decision, LAG-1::mKate2 levels remain elevated in the three 
VU cells while being noticeably reduced in the AC (dashed circle).   
(E) LIN-12 is active in ventral M lineage descendants, beginning at the “4M” stage, and 
is required for sex myoblast (SM) specification (Greenwald, Sternberg, and Horvitz 
1983; Foehr and Liu 2008).  A coelomocyte (CC) produced in the dorsal branch of the M 
lineage is the lineal cognate of the parent of the SM in the ventral branch.  In the 
absence of LIN-12, the ventral descendants that normally become SMs instead become 
CCs.  The dashed circles highlight two lineal cognates during 16-M stage, shown in the 
photomicrographs in (D). 
(F) LAG-1::GFP is higher in the SM mother cell compared to its dorsal lineage cognate, 
the CC, correlating with LIN-12 activity.  The M-lineage is labeled by red fluroescence 
from jjIs3900[hlh-8p::NLS::mCherry]. 




















Figure 3. An endogenous "knock-in" transcriptional reporter reveals 
transcriptional upregulation of lag-1 in VPCs in 2o VPCs. 
(A) A schematic of an endogenous lag-1:gfp::sl2acc::nls::tdTomato::nls CRISPR/Cas9- 
“knock-in” that effectively transforms the lag-1 locus into an operon (Blumenthal 2012)  
Two separate mRNA transcripts are produced by SL2 trans-splicing, allowing for 
independent post-transcriptional regulation of the resultant LAG-1::GFP and 
NLS::tdTomato::NLS proteins (called RFP in the schematic).  If the increase in LAG-
1::GFP in 2o VPCs reflects transcriptional upregulation, then LAG-1::GFP and 
NLS::tdTomato::NLS would both display the 2o VPC fate pattern, with higher levels in 
P5.p and P7.p than in other VPCs; if there is post-transcriptional regulation of LAG-
1::GFP, then a  uniform level of NLS::tdTomato::NLS would be seen in all VPCs while 
LAG-1::GFP would display the 2o VPC fate pattern. 
(B) Fluorescent photomicrographs of a lag-1(ar618[lag-
1::gfp::sl2acc::nls::tdTomato::nls]) L3 hermaphrodite. Expression of both LAG-1::GFP 
(left) and NLS::tdTomato::NLS (right) are observed in the stereotypical 2o fate pattern.   
(C) Quantification of LAG-1::GFP (left) and NLS::tdTomato::NLS (right) fluorescence. 
For both proteins, the level of fluorescence in P5.p and P7.p is significantly greater than 
in P4.p, P6.p, and P8.p.   All statistics were performed using Wilcoxon signed-rank test 
















Figure 4. Identification of an enhancer region that recapitulates the expression 
pattern of endogenous lag-1.  
(A) Schematic of lag-1 locus. The start codons of the different isoforms are indicated; 
the A and B isoforms have the same 5’ ATG start codon, and differ by only a single 
codon at the end of the first exon; the C isoform starts with an exon that is internal to the 
A and B isoforms; and the D isoform begins with a unique 5’ exon that is not shared with 
any other isoforms (light pink) but shares all downstream exons (not all shown).  A 
segment represented by the gray bar is conserved among several Caenorhabditis 
species and is centered within a high occupancy target (HOT) region (p<0.01) 
(Wreczycka et al. 2019), represented by the black bar (see Fig. S3).   Each potential 
LAG-1 Binding Site (LBS) is represented by a grey asterisk with LBSs located in the 
conserved region represented by a blue asterisk.  A mutated LBS is denoted by a red-
filled X.   
(B-H) Transcriptional reporters containing a lag-1 enhancer region driving 2xnls::yfp.  All 
reporters were integrated as single-copy insertions into the same site in the genome 
using CRISPR/Cas9 (see Materials and Methods).  B and C show regions that are 
sufficient to reproduce the 2o VPC fate pattern in the L3 stage. 
(B) Quantification of fluorescence from the 2.7 kb enhancer reporter in VPCs in the L3 
stage. The 2.7 kb enhancer is sufficient to produce a 2o VPC expression pattern.  
(Middle) A box plot of the total intensity. (Right) A bar graph with intensity values 
normalized to P6.p emphasizes the 2o VPC fate pattern as intensities in P5.p and P7.p 
are both significantly greater than P6.p.   
(C) Quantification of fluorescence from the 1.6 kb enhancer region. (Middle) A box plot 
of the total intensity. (Right) A bar graph with intensity values normalized to P6.p. The 
total intensity values were not significantly different from total intensity values of 
corresponding VPCs seen with the 2.7 kb enhancer reporter (Wilcoxon signed-rank test 
(p<0.05).  
(D) Mutating all 13 LBS’s in the 1.6 kb enhancer context reduces positive autoregulation 
in VPCs. (Middle) A box plot of the total intensity. (Right) A bar graph with intensity 
values normalized to P6.p (with statistics performed as above using the Wilcoxon 
signed-rank test). Upregulation is no longer seen in P7.p; upregulation in P5.p is 
significantly reduced relative to intact 1.6 kb enhancer (p<0.01, Mann Whitney U Test) 
but is still observed compared to P6.p.  The total intensity of P4.p, P6.p, and P8.p was 
not significantly different from the corresponding VPCs of the wild-type 1.6 kb enhancer 
reporter in (C) (p>0.05, Mann Whitney U Test), indicating that only upregulation in LIN-
12/Notch-specified VPCs was affected. 
(E)  The 2.7 kb enhancer with LBSs located in non-conserved regions mutated 
(schematic shown at left) also displays a 2o VPC fate pattern (right). 
(F)  The 2.7 kb enhancer with only LBSs located in the conserved region mutated is no 
longer expressed in VPCs (right). 
(G) The conserved region alone is not expressed in VPCs. 
(H) Extending the conserved region by 200-300 bp 5’ and 3’ produced a 2o VPC pattern, 








Figure 5. The 1.6kb enhancer shows LBS-dependent preferential expression in 
cells with high LIN-12 activity compared to lineal cognates in the developing 
gonad and musculature. 
(A) The 1.6kb enhancer is preferentially expressed in the VUs compared to the AC in 
the somatic gonad (16/16 animals).  A representative animal is shown.  Each set of 
panels represents an orthogonal projection, as 2 VUs, the AC, and the third VU are in 
different planes.  The left image displays the somatic gonad marker arTi112[ckb-
3p::mCherry::H2B], while the right image exhibits the enhancer alone.  
(B) The 1.6kb (LBSmut) enhancer is not preferentially expressed in the VUs in the 
somatic gonad post-AC/VU decision, displayed in this representative image (20/20 
animals). 
 (C) The 1.6 kb enhancer is preferentially expressed in the SM mother during the 16-M 
stage while the corresponding coelomocyte exhibits a lower expression of the enhancer 
(22/22 animals).  Left image shows a merged between the jjIs3900[hlh-
8p::NLS::mCherry] and the 1.6kb enhancer. Right image shows the 1.6 kb enhancer 
alone.  
 (D) The 1.6 kb (LBSmut) enhancer is not preferentially expressed in the SM mother 
compared to the coelomocyte during the 16-M stage (19/19 animals). 
(E) Quantification of the AC and the (αVU) for the wild-type and LBSmut forms of the 
1.6 kb enhancer.  The αVU was chosen for comparison to the AC because of their 
related lineage histories and more similar positions in the somatic gonad primordium to 
render the analysis more resistant to imaging distortions arising from capturing cells at 
different depths.   We note that the LBSmut transgene leads to higher LAG-1 level in the 
AC compared to the wild-type transgene and that there is greater variance in both the 
AC and αVU for the LBSmut transgene, potentially indicating greater dysregulation of 





















Figure 6.  Deletion of the HOT region encompassing conserved LBSs results in 
egg-laying defective (Egl) and abnormal vulval eversion (Evl) phenotypes. 
(A) Deleting the HOT region from the lag-1(ar611[lag-1::gfp]) resulted in lag-
1(ar611ar647[lag-1(ΔHOT)::gfp]).   In panels C-F, all comparisons are between these 
two alleles. 
(B) Quantification of the Evl phenotype at 25oC, ***p<0.001, Fisher’s Exact Test. 
(C) Quantification of the Egl phenotype at 25oC, ***p<0.001, Fisher’s Exact Test. 
(D) LAG-1::GFP expression is reduced in all VPCs in lag-1(ΔHOT)::gfp L3 
hermaphrodites. VPCs are marked with jccTi1[lin-31p::mCherry::H2B] (top) and LAG-
1::GFP expression in the same cells is difficult to visualize; compare with Fig. 1B.  Scale 
bar indicates 10 μm. 
(E) Quantitation of LAG-1::GFP in L3 VPCs shows that expression is unpatterned and 
lower than the baseline observed in lag-1::gfp VPCs.  Right is normalization to P6.p.  ** 
indicates p<0.01 by Wilcoxon signed-rank test. 
(F) Ectopic expression of the VPC 1o fate marker arIs222[lag-2p::2xNLS::tagRFP]  in 
lag-1(ΔHOT)::gfp compared to lag-1::gfp in descendants of P5.p and P7.p during the L3 
stage, *p<0.05, ns = not significant, Fisher’s Exact Test.    Although visible, this ectopic 
lag-2 expression was dimmer than lag-2 expression in cells descended from the 1o 
VPC, P6.p. 
(G) Another representation of (F) to show distribution and relative brightness of ectopic 


















































Figure S1. lag-1(ar613[lag-1::mKate2]) expression, and additional data relevant to 
Figure 1. 
(A) Representative image of lag-1(ar613[lag-1::mKate2]) from L3 Pn.p stage to L3 
Pn.pxx stage.  VPCs are underlined and labeled. Scale bar (yellow) = 10 μm. 
(B) LAG-1::GFP expression in the presence of arTi102[lin-31p::lin-12(intraΔP)] (data 
from Fig. 1D), here normalized to P6.p.  Although expression is significantly higher in 
P5.p and P7.p compared to P6.p, this result is difficult to interpret because of patterned 
variation in expression that is evident upon quantification of a lin-31p transgene in (C).  
***p<0.01 
  
(C) Quantification of expression from arTi88[lin-31p::2xNLS::YFP] during the L3 stage 
shows patterned variation in expression.   Expression is significantly higher in P5.p and 
P7.p compared to P6.p, suggesting that lin-31p itself is affected by spatial patterning 



























Figure S2.  LAG-1::GFP in the somatic gonad 
Orthogonal projection of the somatic gonad, in which the AC and VUS have already been 
specified.  (Left) Somatic gonad is marked by arTi112[ckb-3p::mCherry::H2B].  (Middle) LAG-
1::GFP is preferentially expressed in specified VUs.  (Right) Merge. 
Scale bar = 10 μm. 
 
 
Figure S3.  UCSC genome browser view of lag-1 region used to generate the 2.7 
kb enhancer.   HOT region track (in black) is provided by Wreczycka, et al. (2019).  






















Figure S4.  The gcy-5 minimal promoter and the lag-1 a/b 5’ intergenic region do 
not result in detectable YFP expression in VPCs. 
(A) Representative image of a transgene inserted in the LG I containing only [gcy-
5(min)p::2xNLS::YFP].  No expression was observed in the L3 VPCs. 
(B) Representative image of the intergenic region 5’ to the lag-1 ATG (of isoforms a/b) 






























Figure S5.  Deletion of the HOT region results in an egg-laying defective (Egl) 
phenotype and a cold-sensitive abnormal vulval eversion (Evl) phenotype. In 
addition, no difference in AC marker expression was observed between lag-1::gfp and 
lag-1(ΔHOT)::gfp. 
(A) Representative images of adult hermaphrodite of lag-1::gfp compared to lag-
1(ΔHOT)::gfp .  Scale bar denotes 100 μm. 
(B) Temperature dependence of the Evl phenotype.  All comparisons between lag-1::gfp 
and  lag-1(ΔHOT)::gfp were significant (p<0.001, Fisher’s Exact Test). 
(C) Temperature dependence of the Egl phenotype.  All comparisons between lag-1::gfp 












GS9052 lin-12(n941); lag-1(ar611[lag-1::gfp]); 
jccTi1[lin-31p::mCherry::H2B]; 
arEx1442 







GS9233 arSi35; jccTi1[lin-31p::mCherry::H2B] 
GS9236 arSi59; jccTi1[lin-31p::mCherry::H2B] 
GS9252 arSi60; jccTi1[lin-31p::mCherry::H2B] 





GS9354 arSi59; arTi145[ckb-3p::mCherry::H2B] 
GS9355 arSi60; arTi145[ckb-3p::mCherry::H2B] 
GS9293 arSi59; jjIs3900[hlh-8p::NLS::mCherry] 
















Targeting sequence used for CRISPR/Cas9 
Target Sequence 
lag-1::gfp insertion ATGGTGTCGTCTACTCGTC 
lag-1 C-terminal insertions CGAGAGTGGAATCTAGTAAT 




Primers for homology template  






final codon of lag-1 (lag-1 Sarov 
fosmid was used as the template so 









































Transgenes made using ttTi4348 
Strain Genotype ttTi4348 Transgene Plasmid Figure 
GS9233 arSi35; jccTi1 lag-1enhancer (2.7kb) + gcy-
5(min)p::2xnls-yfp 
pKL77 4B 
GS8999 arSi35 4E 
GS9236 arSi59; jccTi1 lag-1enhancer (1.6kb) + gcy-
5(min)p::2xnls-yp 
pKL107 4C 
GS9293 arSi59; jjIs3900 5A 
GS9354 arSi59; arTi145 5B 
GS9252 arSi60; jccTi1 lag-1enhancer (1.6kb ΔLBS) + 
gcy-5(min)p::2xnls-yfp 
pKL108 4D 
GS9355 arSi60; arTi145 5C 
GS9294 arSi60; jjIs3900 5D 
GS9264 arSi74 lag-1enhancer (2.7kb Δnon-
conserved LBS) + gcy-
5(min)p::2xnls-yfp 
pKL131 4F 
GS9296 arSi81 lag-1enhancer (2.7kb 
Δconserved LBS) + gcy-
5(min)p::2xnls-yfp 
pKL110 4G 
GS8992 arSi31 gcy-5(min)p::2xnls-yfp pKL78 S4A 
GS9353 arSi86 lag-1p(gene-to-gene 
1.4kb)::2xnls-yfp 
pKL139 S4B 




GS9250 arSi70 lag-1enhancer(1.6kb enhancer 
Δnon-HOT LBS) + gcy-
5(min)p::2xnls-yfp 
pKL122 S4D 














Table S5  
Primers used in enhancer analysis  
























































Chapter 3.  The role of DAF-16/FOXO in blocking 
VPC specification during dauer entry 
All experiments in this chapter were performed by me, except for the SEL-8::GFP dauer 
entry experiments, which were analyzed by a former Columbia undergraduate, 







Dauer diapause is an arrested developmental stage in the Caenorhabditis 
elegans life cycle, notable not only for its longevity but also its resistance to many 
adverse environmental conditions.  During dauer, multiple signaling pathways involved 
in growth and development are downregulated, and cells are maintained in a quiescent 
state.  In this study, we used the vulval precursor cells (VPCs) as a model to study this 
phenomenon.  The VPCs are normally specified by EGFR and LIN-12/Notch signaling 
during the L3 larval stage in favorable conditions.  However, in unfavorable conditions, 
they are kept in a quiescent, multipotent state during dauer.  While in this arrested state, 
VPC specification is resistant to approaches to ectopically stimulate EGFR or LIN-
12/Notch signaling and are even reprogrammed to a multipotent state if specification 
occurs precociously prior to dauer entry.  DAF-16/FOXO is the C. elegans forkhead box 
O transcription factor that is an effector of the Ins/InsR signaling pathway.  It was found 
to mediate the “block” to VPC specification during dauer.  Here, we show that DAF-
16/FOXO is required for the maintenance but not the initiation in blocking LIN-12/Notch 
signaling during dauer entry and that DAF-16/FOXO is upregulated during the L2d-




The six vulval precursor cells P3.p-P8.p are born during L1 in the C. elegans life 
cycle and remain in a multipotent, unspecified state until L3.  Dorsal to the VPCs is the 
anchor cell or AC, which begins releasing an EGF-like ligand called LIN-3 to the nearest 
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VPC P6.p during L2; in L3, in response to the LIN-3/EGF signaling, an EGFR cascade 
is activated within P6.p, causing acquisition of “1o VPC fate.”  One aspect of 1o VPC fate 
is the expression of the LIN-12/Notch ligands such as LAG-2/DSL (Zhang and 
Greenwald 2011; Chen and Greenwald 2004).  LAG-2/DSL will laterally activate LIN-
12/Notch receptors on adjacent P5.p and P7.p, leading to nuclear translocation of LIN-
12/Notch and transcription of target genes, resulting in acquisition of “2o VPC fate.”  Due 
to low or lack of signaling, P3.p, P4.p, and P8.p divide once and then fuse to the hyp7 
hypodermis (Fig. 1A).   
 When C. elegans larvae at the L1 stage are exposed to adverse environmental 
conditions such as starvation, crowding, or high temperature, they enter an alternative 
life cycle that involves molting into L2d first and then molting into the long-lived stage 
called dauer [reviewed in (Hu 2007)].  When favorable conditions are reintroduced, 
dauer larvae progress into post-dauer L3 without an intervening molt, and later follow 
the typical developmental pathways to form reproductive adults (Karp 2018) (Fig. 1B).  
During dauer, the VPCs are maintained in a quiescent, multipotent state.  Previous 
experiments also showed that in a precocious mutant, when VPCs have been specified 
during L2d and begun their lineages, passage through dauer results in reprogramming 
of the descendants so that they become multipotent VPC-like cells (Euling and Ambros 
1996).  Further investigation into how the EGFR and LIN-12/Notch signaling pathways 
that are required for VPC specification are affected by dauer showed that transcriptional 
markers of 1o or 2o fate are repressed during dauer in an otherwise wild-type 
background (Karp and Greenwald 2013).  This repression was found to be alleviated by 
removing expression of the transcription factor DAF-16/FOXO, the downstream effector 
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of Insulin/Insulin Growth Factor Receptor pathway (Lee, Hench, and Ruvkun 2001; Ogg 
et al. 1997; Lin et al. 1997).  Ins/InsR, along with DAF-7/TGF-β and DAF-12/NHR are 
parallel pathways required for dauer formation [reviewed in (Hu 2007)].  However, only 
Ins/IGFR appears to be necessary for blocking the signaling pathways involved in 
primary and secondary VPC fate acquisition (Karp and Greenwald 2013). 
 DAF-16/FOXO is a transcription factor that has been of interest for its role in 
mediating the longevity enhancement of Ins/InsR signaling (Murphy et al. 2003a; Lee et 
al. 2003; Ogg et al. 1997; Lin et al. 2001).  When Ins/InsR is active, DAF-16/FOXO is 
phosphorylated and sequestered in the cytoplasm (Berdichevsky et al. 2006; Ogg et al. 
1997).  When Ins/InsR is inactive, DAF-16/FOXO instead translocates to the nucleus, 
resulting in upregulation of genes involved in stress and metabolism (“class I”), while 
downregulating genes important for growth and development (“class II”) (Murphy et al. 
2003b).  Much of the work surrounding DAF-16 activity has been done in the neurons 
and intestine, after mosaic and tissue-specific experiments pointed to these tissues as 
the focus of DAF-16 for lifespan extension (Libina, Berman, and Kenyon 2003).  
Moreover, FOXO orthologs have also been shown to play an important role in 
maintenance of pluripotency of human embryonic stem cells and reprogramming 
dynamics of induced pluripotent stem cells (Zhang et al. 2011; Wang, Tian, and Zheng 
2013).  In D. melanogaster, foxo was shown to be critical for germline stem cell 
quiescence in response to ionizing radiation (Artoni et al. 2017).   
Here, we show that in C. elegans, DAF-16/FOXO plays different roles at different 
points of dauer development when VPCs are reprogrammed to a multipotent and 
quiescent state.  During L2d, DAF-16 is only present at very low levels in VPC nuclei 
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and does not contribute to any block to VPC signaling; low levels of LIN-12/Notch 
signaling are present.  During the L2d-dauer molt, we found that larvae express LAG-2 
on the apical membrane.  However, despite the presence of LAG-2 ligand during this 
stage, LIN-12 activity is abrogated.  Ectopic expression of LIN-12(intraΔP) results in 
upregulation of LAG-1::GFP expression during all stages that we observed: L2d, L2d-
dauer molt, new dauer, and 12 hour dauer.  lag-1::gfp is a transcriptional target of LIN-
12, so the observed upregulation would imply that LIN-12(intraΔP) bypassed the block 
by introducing nuclear LIN-12 and therefore that the “block” to LIN-12 signaling occurs 
downstream of LIN-12 ligand expression but upstream of LIN-12 nuclear localization.  
Moreover, removal of daf-16 expression through RNAi during L2d-dauer molt did not 
permit LIN-12 signaling.  However, loss of daf-16 activity in the dauer stage resulted in 
resumption of LIN-12 signaling, suggesting that daf-16 is not required for the initial loss 
of LIN-12 signaling but instead is required for the maintenance to the block to LIN-12 
signaling in dauer. 
 
RESULTS 
DAF-16/FOXO is required for the maintenance but not initiation of the block to 
LIN-12/Notch signaling in VPCs during dauer diapause 
LIN-12/Notch signaling is activated when a ligand present on an adjacent cell 
binds to the transmembrane LIN-12 receptor.  This binding triggers two cleavage 
events, which result in the release of the intracellular LIN-12 domain, LIN-12(intra).  LIN-
12(intra) translocates to the nucleus, where it forms a core transcriptional activation 
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complex with two other proteins: LAG-1/Su(H)/Cbf1, a site-specific DNA binding protein, 
and SEL-8/Mastermind/MAML, which recruits coactivators (Fig. 1C).  To better 
understand how LIN-12/Notch signaling is blocked during dauer, we performed a time 
course of dauer entry to determine at what point in dauer development DAF-16 is 
required to block LIN-12 signaling.  As a functional assay for signaling, we used the 
upregulation of endogenously tagged LAG-1::GFP, which we previously showed 
transcriptionally positively autoregulates its expression as a LIN-12/Notch target in the 
VPCs (Chapter 2; Luo et al., 2020), and arSi59, a single-copy transcriptional reporter 
generated by CRISPR/Cas9-mediated insertion into LGI ttTi4348.  arSi59 contains the 
sequence that mediates autoregulation of lag-1 and therefore both LAG-1::GFP and 
arSi59 were used in order to test whether differences in LAG-1 expression were caused 
by transcriptional or post-transcriptional changes.  Note that in the presence of active 
LIN-12, both endogenous LAG-1::GFP and arSi59  would be expressed in a 2o VPC 
pattern: higher expression specifically in P5.p and P7.p and lower expression in P4.p, 
P6.p, and P8.p (Chapter 2; Luo et al, 2020).  We use these transgenes because other 
C. elegans transcriptional reporters of LIN-12 signaling are arIs107[mir-
61p::2xNLS::YFP] and arIs116[lst-5p::2xNLS::YFP], integrated multicopy simple arrays 
that may not display faithful regulation in dauer as they are prone to silencing potentially 
due to cellular defense mechanisms (Leyva-Diaz et al. 2017).   
 In order to synchronize dauer entry, study the loss of a component that would 
create dauer-defective worms in a wt background, and drive dauer formation in the 
presence of bacteria for "feeding RNAi," we used a temperature-sensitive mutant daf-
7(e1372ts), which operates in a parallel pathway to Ins/IGFR and is dauer-constitutive 
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at 25oC.  This method was shown previously to be efficacious to examine the effect of 
loss of daf-16 on VPC specification and signaling in dauer larvae (Karp and Greenwald 
2013).  Such "daf-16 dauers" recover spontaneously, however, so analysis of dauers is 
best restricted to animals that have been in dauer less than 24 hours. 
 Animals were grown synchronously on either bacteria expressing double-
stranded lacZ or daf-16 RNA at 25oC and imaged at three points of the dauer life cycle: 
L2d, the L2d-dauer molt, “new” formed dauers, and “12 hour dauers.”  Staging was 
done using morphological criteria and timing after releasing eggs from gravid 
hermaphrodites with hypochlorite/NaOH solution (see Materials and Methods for 
specific criteria used to assess developmental stage).  During L2d in animals treated 
with lacZ or daf-16 RNAi, we found that both LAG-1::GFP and the transcriptional 
reporter arSi59 exhibited a 2o VPC pattern, characterized by higher expression in P5.p 
and P7.p (Figs. 2A-D).  This 2o pattern suggests that LIN-12/Notch signaling is active in 
P5.p and P7.p during L2d, consistent with previous findings (Karp and Greenwald 
2013).  This also indicates that loss of daf-16 activity does not affect LIN-12 signaling 
during L2d.  We note that during continuous development during L2, weak LIN-12 
signaling is also observed, as evidenced by the 2o VPC pattern of nuclear LIN-12::GFP 
expression (Fig. S2A, Fig. 3A).  However, L2d is still morphologically distinct from L2 
due to its darker, larger body, indicating increased intestinal storage granules and 
longer amount of time spend feeding (L2d larvae are “older” than L2 larvae) (Golden 
and Riddle 1984).   
During the L2d-dauer molt, the 2o pattern of both endogenous LAG-1::GFP and 
the arSi59 transcriptional reporter was lost in VPCs in animals treated with lacZ or daf-
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16 RNAi (Figs. 2E-H ), suggesting that LIN-12 is not active.  This inference is further 
corroborated by analysis of another allele, lag-1(ar618)[lag-
1::gfp::sl2(acc)::nls::tdTomato::nls]), a synthetic operon in which NLS::tdTomato::NLS 
serves as an endogenous transcriptional reporter for the synthetic operon (Figs. S1A-
B)A-B) (previously described in Chapter 2).  Instead, we noticed that expression 
appears to be highest in P6.p and then gradually lessened in more lateral VPCs.  It is 
unclear whether this pattern is due to inherent biases in size or autofluorescent intensity 
or basal level of LAG-1::GFP and NLS::tdTomato::NLS.  Together, these observations 
also indicate that daf-16 activity is not required for the initial loss of LIN-12 signaling 
during the L2d-dauer molt.  By contrast, in young, new dauers, the 2o pattern is 
resumed in both LAG-1::GFP and the arSi59 transcriptional reporter when animals are 
treated with daf-16 RNAi, but not when animals are treated with lacZ RNAi (Figs. 2I-L).  
This difference is maintained in 12 hour dauers (Figs. 2M-P).  We interpret this finding 
to mean that daf-16 is required for the maintenance of the block to LIN-12 activity once 
dauer formation is complete.   
 
Nuclear accumulation of LIN-12::GFP is suppressed during dauer entry, but can 
be relieved by loss of DAF-16 during later dauer stages 
To test whether patterning of LAG-1::GFP and the arSi59 transcriptional reporter 
always reflect levels of nuclear LIN-12 during dauer entry or instead reveal a block to 
transcriptional upregulation to LAG-1::GFP expression, we quantified endogenous 
expression of nuclear LIN-12.  If we were to observe high nuclear LIN-12::GFP 
specifically in P5.p and P7.p during conditions in which LAG-1::GFP and arSi59 are 
96 
 
both unpatterned, it would suggest that LIN-12 activity is blocked downstream of LIN-12 
nuclear localization.  We also note that LAG-1 likely behaves as a target of LIN-12 
transcription activation from Chapter 2 (Luo, et al., 2020).  However, we also found that 
very low amounts of LAG-1 (at the level that is observed in L2d and the L2d-dauer molt) 
are sufficient for the core nuclear complex to function (Chapter 2 (Luo, et al, 2020.)).  
Therefore, this approach would not be informative whether low expression of LAG-
1::GFP is limiting LIN-12 activity. 
 We quantified the level of the signal transducing nuclear form of LIN-12 using 
LIN-12::GFP, a C-terminal GFP fusion to the endogenous lin-12 gene generated by 
CRISPR/Cas9 (J. Chan, personal communication; Attner et al., 2019).   As it contains 
the negative regulatory PEST degron, it is not stable and is therefore difficult to visualize 
(Deng and Greenwald 2016).   We established that LIN-12::GFP is quantifiable in the 
VPCs despite the presence of the PEST by quantifying nuclear LIN-12:GFP in L3 VPCs 
during continuous development.  It has been established that LIN-12 activity is higher 
specifically in P5.p and P7.p (VPCs that will acquire 2o fate) during L3 and that Notch 
signaling requires the nuclear localization of the intracellular domain of Notch 
(Greenwald, Sternberg, and Horvitz 1983; Struhl and Adachi 1998; Struhl and 
Greenwald 1999).   We found that there was a significant increase in the level of nuclear 
LIN-12::GFP in P5.p and P7.p, as compared to the non-2o VPCs P4.p, P6.p, and P8.p 
(Fig. 3B), correlating quantified nuclear LIN-12::GFP with LIN-12 activity during this 
stage.  We also observed very weak but significant nuclear expression in P5.p and P7.p 
during L2 (Fig. 3A), which is consistent with findings that low EGFR signaling occurs in 
P6.p during L2 and therefore may cause a small amount of lateral activation of P5.p and 
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P7.p (de la Cova et al. 2017) and the weak 2o VPC pattern of LAG-1::GFP in continuous 
L2 (Fig. S2A).   
 We then looked for the presence of activated, nuclear LIN-12::GFP during dauer 
life history, using daf-7(e1372ts) to synchronize dauer entry to enrich for L2d, L2d-dauer 
molt, newly formed dauer, and 12 hour dauer stages.  Animals were grown on lacZ or 
daf-16 RNAi to compare whether the findings that daf-16 is required for the 
maintenance rather the initiation of the block to LIN-12 signaling is consistent with that 
of endogenous LAG-1::GFP and the lag-1 transcriptional reporter arSi59.   
During L2d, a 2o pattern of nuclear LIN-12::GFP was not observed (Fig. 3C), 
which is inconsistent with our previous results suggesting that LIN-12 signaling occurs 
during L2d (Figs. 2A-D).  However, we observed qualitatively that in a small proportion 
of animals, LIN-12::GFP was visible dimly in the nucleus of P5.p and P7.p (Figs. S2B-
C).  We suspected that this 2o pattern of nuclear LIN-12::GFP is a very transient effect 
and therefore was not reflected in our quantification analysis.   
During the L2d-dauer molt, we also did not observe a 2o pattern of nuclear LIN-
12::GFP in both larvae treated with lacZ RNAi and daf-16 RNAi (Fig. 3D).  In newly 
formed dauers, we noted that while there was no 2o VPC pattern in animals treated with 
lacZ RNAi, animals treated with daf-16 RNAi had significantly higher nuclear LIN-
12::GFP in P5.p and P7.p than P4.p, P6, and P8.p (Fig. 3E).  This 2o patterning was 
maintained even in animals that had been at the dauer stage for 12 hours (Figs. 3F).  
Therefore, we concluded DAF-16 is responsible for blocking the production or 
accumulation of LIN-12::GFP during dauer but not during the L2d-dauer molt.  The 
results during the L2d-dauer molt, new dauer, and 12 hour dauer correlate with the 
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effects of dauer entry on LAG-1::GFP expression and the LIN-12 transcriptional activity 
reporter arSi59.   
We are unable to conclude whether LIN-12 signaling is blocked downstream of 
LIN-12 nuclear localization (e.g. whether the ternary complex is formed but unable to 
bind to DNA motifs); however, it appears that nuclear localization of LIN-12 is abrogated 
during the molt, suggesting that one aspect to the block of LIN-12 signaling may stem 
from inadequate LIN-12 nuclear presence at the L2d-dauer molt and during dauer 
diapause.   
 
Ectopic expression of nuclear, stable LIN-12/Notch in VPCs results in increased 
LAG-1::GFP expression throughout dauer life history 
To examine whether the presence of nuclear LIN-12 is limiting LIN-12 activity, we 
exogenously expressed a stable, nuclear form of LIN-12 called LIN-12(intraΔP) in VPCs 
during dauer entry and observed the effect on LAG-1::GFP expression, using LAG-
1::GFP as a proxy for LIN-12 transcriptional activity.  However, we note that LAG-
1::GFP is subject to many other sources of regulation such as protein stability, so the 
arSi59 transcriptional reporter would also need to be quantified to confirm the effect of 
LIN-12(intraΔP) on transcriptional activation of targets.    
LIN-12(intraΔP) lacks both the extracellular and transmembrane domains along 
with the PEST degron, and was ectopically expressed in VPCs using heterologous "lin-
31p" regulatory sequences.  This expression allowed us to bypass multiple steps of LIN-
12 regulation, including transcription, processing, and ligand-dependent cleavage.  The 
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LIN-12 form used also allowed us to bypass any potential increased degradation activity 
that may occur through the PEST domain.  To ensure that the lin-31 promoter is 
transcriptionally active during dauer entry, we quantified the transgene arTi88[lin-
31p::2xNLS::YFP] during dauer entry.  We found that during the L2d-dauer molt, the 
expression of arTi88  is highest compared to that during L2d or early dauer (Fig. S7).  
These expression levels are also comparable to L3 levels of arTi88, a stage when the 
lin-31p has successfully been used for VPC-specific ectopic expression of LIN-
12(intraΔP), resulting in activation of LIN-12 targets and increased LAG-1:GFP 
accumulation (Underwood, Deng, and Greenwald 2017; Deng and Greenwald 
2016)(Chapter 2 (Luo, et al., 2020)).  Using this experimental setup, we hypothesized 
that if the block to LIN-12 signaling is downstream of the nuclear complex, then LAG-
1::GFP expression would be low during the L2d-dauer molt and comparable to 
expression of LAG-1::GFP without LIN-12(intraΔP).   However, if LAG-1::GFP 
expression is increased in response to LIN-12(intraΔP), this would suggest transcription 
of LAG-1::GFP or some other mechanism involved in LAG-1::GFP expression mediated 
indirectly or directly by LIN-12(intraΔP) caused this increase. 
Our results showed that LAG-1::GFP was significantly elevated in all LIN-
12(intraΔP) –expressing VPCs compared to VPCs without LIN-12(intraΔP) at all stages 
of dauer entry: L2d, L2d-dauer molt, new dauer, and 12 hour dauer (Figs. 4A-B, D-E, G-
H, J-K).   We also note that the level of elevation appeared to roughly correlate with the 
activity of the lin-31p in Fig. S7.   
We interpreted these results to indicate that ectopic LIN-12(intraΔP) led to an 
increase in LAG-1::GFP transcription during dauer.  Note that it is also possible this 
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ectopic LIN-12(intraΔP) is so active that it can overcome relevant blocks to endogenous 
nuclear LIN-12 signaling.  With this caveat in mind, it appears that the nuclear presence 
of LIN-12(intraΔP) causes an effect on LAG-1::GFP expression that is consistent with its 
effect during L3 (Chapter 2, (Luo, et al., 2020)).   
We also quantified how VPCs expressing LIN-12(intraΔP) responded to daf-16 
RNAi.  Similar to our findings with LAG-1::GFP and arSi59 in wt VPCs, there was no 
significant difference in LAG-1::GFP expression between lacZ and daf-16 RNAi during 
the L2d and L2d-molt (Figs. 4B-C, E-F).  During new dauer and 12 hour dauer, 
however, daf-16(RNAi)-treated larvae exhibited significantly higher expression of LAG-
1::GFP than lacZ(RNAi).   
We note we cannot distinguish if this difference during new dauer and 12 hour 
dauer is caused by the increased expression from the lin-31 promoter rather than relief 
of negative regulation of LIN-12(intraΔP) activity.  We showed in Fig. S7 that VPCs in 
dauer and new dauer exhibit lower levels of lin-31p expression of 2xNLS::YFP than in 
the L2d-dauer molt.  The effect of LIN-12(intraΔP) on LAG-1::GFP levels also appears 
to follow the expression of lin-31p (i.e. increasing from L2d to the L2d-dauer molt, 
decreasing during new dauer and further decreasing during 12 hour dauer).   It is 
unknown whether daf-16(RNAi) leads to increased expression of lin-31p in dauer VPCs.  
Therefore, we cannot rule out the possibility that daf-16(RNAi) may not exert an effect 
on the ability of LIN-12(intraΔP) to activate transcription but rather the ability of lin-31p 
to express large amounts of LIN-12(intraΔP). 
 We also examined expression of SEL-8, the third essential component of the 
LIN-12 ternary complex.  With the help of a Columbia undergraduate student Elizabeth 
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M. Johnson, we used CRISPR/Cas9 to generate sel-8(ar631[sel-8::gfp]), a C-terminal 
GFP translational fusion to the endogenous sel-8 locus.  Using this allele, Elizabeth 
examined the expression of SEL-8::GFP during dauer entry in larvae treated with lacZ 
or daf-16 RNAi.  She found that it was consistently expressed during all stages of dauer 
entry (L2d, L2d-dauer molt, new dauer, and 12 hour dauer) (Figs. S3C-F).  Interestingly 
and consistent with the findings in LAG-1::GFP, arSi59, nuclear LIN-12::GFP, and 
ectopic LIN-12(intraΔP), there was no significant difference in SEL-8::GFP expression 
between lacZ and daf-16 RNAi in either L2d or the L2d-dauer molt.  A difference was 
only observed during the new dauer and 12 hour dauer stages.  This comparison is 
difficult to interpret but may suggest that there is a broad inhibition of expression 
(transcriptional, translational, protein stability, etc.) mediated by daf-16 during dauer 
diapause.  This finding also further supports the model that daf-16 is required for the 
maintenance to the block to LIN-12 signaling but not the initiation during the L2d-dauer 
molt. 
 
The expression of LAG-2::GFP in P6.p does not correlate with LIN-12 signaling in 
P5.p and P7.p during dauer entry 
Our previous results suggested that the lack of nuclear LIN-12(intra) from the 
ternary complex may account for the lack of activation of LIN-12 targets.  Activation of 
LIN-12 and nuclear translocation of LIN-12(intra) requires ligand binding to the LIN-12 
transmembrane receptor.  To investigate whether LIN-12 ligands are expressed in P6.p 
at the times when LIN-12 signaling is not active, we quantified expression of LAG-2, a 
LIN-12 ligand during dauer entry.  We quantified membrane-bound LAG-2::GFP 
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expressed from a synthetic operon, lag-2(ar628)[lag-2::gfp::sl2(acc)::nls::tdTomato::nls] 
created by Justin Shaffer.  This allele would result in the simultaneous expression of 
lag-2::gfp and nls::tdTomato::nls mRNA transcripts from a single lag-
2::gfp::sl2(acc)::nls::tdTomato::nls pre-mRNA transcript.  However, expression of 
NLS::tdTomato::NLS expression does not appear to correlate with established findings 
regarding the transcriptional expression of lag-2 (Justin Shaffer and Justin Benavidez, 
personal communication; (Zhang and Greenwald 2011)), so for the purposes of this 
work, we did not analyze NLS::tdTomato::NLS and instead used its expression to aid in 
identification of P6.p and the AC.   
During continuous L3, when LIN-12 signaling is active in P5.p and P7.p, LAG-
2::GFP is expressed brightly on the apical membrane of P6.p (Fig. 6E).  We used 
quantification of the level of LAG-2::GFP apical membrane expression as a measure of 
the potential availability of LAG-2::GFP to activate LIN-12 signaling in neighboring 
VPCs, although we cannot assess if all visible ligand is functional.   To establish the 
level of apical LAG-2 expression present during active LIN-12 signaling, we quantified 
LAG-2 expression in L3 (Figs. 5C, 6E, 7E).   
 We performed the dauer entry experiments using the same setup that as with the 
components of the LIN-12 core activation complex and analyzed apical LAG-2::GFP 
expression in P6.p.  The temperature-sensitive mutant daf-7(e1372ts) was used to 
synchronize dauer entry as larvae were grown on either lacZ or daf-16 RNAi at 25oC.  
We first quantified the proportion of animals with visible LAG-2::GFP expression in P6.p.  
This proportional analysis does not take into account the dimness or brightness of LAG-
2::GFP, but allowed us to examine whether there exist distinct on/off phenotypes.   
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 During L2d, we found 1-2 animals within each group (lacZ(RNAi) or daf-
16(RNAi)) expressed visible LAG-2::GFP (Fig. 5A-B); images are shown in (Fig. 6A).  
We noticed that in animals with visible P6.p apical expression, LAG-2::GFP appeared to 
be more punctate than observed during L3.  During the L2d-dauer molt, approximately 
1/3 of larvae treated with lacZ RNAi showed visible P6.p expression, compared to <10% 
of larvae treated with daf-16 RNAi.  Moreover, visible LAG-2::GFP expression in larvae 
treated by lacZ RNAi appears brighter than that of the daf-16 RNAi-treated larvae (Fig. 
6B).  Statistically, by a Fisher’s Exact Test, this difference was not significant 
(p=0.0582).  However, we note that daf-16 RNAi may affect timing of dauer entry (e.g. 
larvae treated with daf-16 RNAi may silence LAG-2::GFP expression sooner) rather 
than have an explicit effect on repressing LAG-2::GFP expression. 
During new dauer, an increased proportion of daf-16(RNAi)-treated larvae 
exhibited visible LAG-2::GFP compared to lacZ(RNAi).  This difference was not 
significant by Fisher’s Exact Test (p=0.101).  Qualitatively, LAG-2::GFP appeared 
slightly brighter in daf-16(RNAi) animals (Fig. 6C).  During the 12 hour dauer stage, we 
observed that the proportion of LAG-2::GFP-visible animals further increased in daf-
16(RNAi) compared to lacZ(RNAi) (Fig. 5A-B) and that expression also appeared 
brighter (Fig. 6D).   
 Quantification of LAG-2::GFP brightness on the apical membrane (see Materials 
and Methods and Fig. S4) corroborated our proportional and qualitative analysis.  
During L2d, there was no significant difference between apical membrane expression 
between animals grown on different RNAi (Fig. 7A).  Expression was also lower than 
that of LAG-2::GFP during L3.  During the L2d-dauer molt, we observed that there was 
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higher expression in animals treated with lacZ RNAi compared to those treated with daf-
16 RNAi.   During new dauer, we found that the difference in expression of apical LAG-
2::GFP in P6.p is no longer different between lacZ(RNAi) and daf-16(RNAi) -treated 
dauer larvae (Fig 7C).  The expression of LAG-2::GFP in the lacZ(RNAi) animals had 
decreased from the L2d-dauer molt (Figs. 7B and 7C), while in daf-16(RNAi) animals, it 
had significantly increased (Mann-Whitney U Test, p<0.05).  When we further examined 
12 hour dauer larvae, we found that the expression of LAG-2::GFP on the apical 
membrane had continued to increase (Mann-Whitney U Test, p<0.001) in daf-16(RNAi) 
animals and became higher than in lacZ(RNAi) (Fig. 6D).  There was no significant 
difference in LAG-2::GFP expression in lacZ(RNAi) between new dauer and 12 hour 
dauer (Mann-Whitney U Test, p=0.881).  Moreover, the intensity of apical membrane 
LAG-2::GFP in daf-16(RNAi) was not significantly different from that of L3 larvae (Mann-
Whitney U Test, p=0.420). 
 Our results showed that there appeared to be a transient increase in LAG-2::GFP 
expression in lacZ(RNAi)-treated animals during the L2d-dauer molt and that LAG-
2::GFP expression is downregulated in this treatment group during dauer diapause.  It is 
unclear whether daf-16(RNAi)-treated animals experience as large of a transient 
increase in LAG-2::GFP or whether there may be a bona fide effect of daf-16 depletion 
on regulation of LAG-2::GFP.   
Our earlier results suggested that LIN-12 signaling appeared to be 
downregulated specifically during the L2d-dauer molt (Figs. 2A-H).  Examination of 
arSi59 images during this stage did not yield any subsets with distinct phenotypes (data 
not shown).  We can surmise that the presence of apically localized LAG-2::GFP in P6.p 
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during the L2d-dauer molt indicates that LAG-2::GFP expression or ligand expression 
itself during this stage may not be the limiting factor in preventing LIN-12 signaling.  
Other limiting factors may involve but are not excluded to insufficient transcriptional and 
translational expression of LIN-12 itself, impaired cleavage of the S2 and S3 sites, or 
improper trafficking of LIN-12(intra) to the nucleus. 
 Another finding was that LAG-2::GFP brightness was the same between 
lacZ(RNAi) and daf-16(RNAi) in new dauer and only became different later in 12-hour 
dauer (Figs. 7C-D).  We note that there is a greater proportion of visible LAG-2::GFP 
expression in daf-16(RNAi), but the intensity of this expression did not appear to be very 
bright based on qualitative and quantitative analysis (Fig. 6C and Fig. 7C).  In short, the 
LIN-12 ligand LAG-2 does not appear to be significantly expressed in conditions when 
LIN-12 signal transduction is active (during daf-16(RNAi)-treated new dauer). 
During both new dauer and 12-hour dauer, expression of nuclear LIN-12::GFP 
has a 2o VPC pattern in daf-16(RNAi)-treated larvae, likely indicating successful ligand-
mediated activation and cleavage (Figs. 3H, 3J).  Moreover, the difference in brightness 
of nuclear LIN-12::GFP in P5.P and P7.p between new dauer and 12-hour dauer is not 
significantly different (Mann-Whitney U Test, p>0.4).   
One explanation for this discrepancy is that another LIN-12 ligand may be 
activating the LIN-12 receptor during new dauer.  Another is that our analysis has failed 





Expression of LAG-2::GFP in the AC during dauer entry 
 The anchor cell (AC) expresses transcriptional reporters for lag-2 and cdh-3 in 
dauer larvae, suggesting that the AC is specified by dauer (Tenen and Greenwald 
2019).  Quantification of LAG-2::GFP during dauer entry further supported this, We 
noted that during L2d, LAG-2::GFP expression in the AC during L2d was low but did not 
show any difference between lacZ(RNAi) and daf-16(RNAi).  During the L2d-dauer molt 
and later stages, the LAG-2::GFP was only expressed in the AC and was much brighter 
than in L2d.  No difference in LAG-2::GFP expression was observed until the 12 hour 
stage, in which daf-16(RNAi)-treated larvae expression significantly greater LAG-2::GFP 
than lacZ(RNAi)-treated larvae (Figs. 7F-J, S5A-E).   
 
LIN-12/Notch signaling is maintained in the gonad during dauer diapause 
To test whether there was a broad block to LIN-12 signaling during dauer, we 
examined the somatic gonad, which requires LIN-12 signaling to resolve the AC/VU 
decision and specify the VU fate.  In continuous development, these cells are specified 
from two α (Z1.ppp and Z4.aaa) and two β cells (Z1.ppa and Z4.aap).  High LIN-12 
signaling occurs in β cells, which specify to become VUs; lin-12 activity is only required 
for the βVU fate at higher temperatures (Sallee et al., 2015).   For α cells and the 
resolution of the AC/VU decision, a stochastic event (the AC/VU decision) between the 
two α cells results in one cell with low LIN-12 signaling to acquire the AC fate, while the 
remaining cell with high LIN-12 signaling acquires the VU fate.   
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 The AC/VU has been resolved already prior to dauer diapause (Tenen and 
Greenwald 2019), and our observation that LAG-2::GFP is present on the AC 
membrane is consistent with this expectation.  However, it is unclear whether LIN-12 
signaling is maintained during dauer, especially since the somatic gonad blast cells, 
including VUs, remain quiescent.  To examine this, we quantified nuclear LIN-12::GFP 
to check whether its level is lower during dauer diapause using LAG-1::GFP and its 
transcriptional reporters arSi59 and arSi60 (equivalent to arSi59 except with all the 
LBSs mutated, rendering it insensitive to LIN-12 activation).   
 We examined starved dauers, which were selected by incubation in SDS for 10 
minutes prior to imaging.  If LIN-12 signaling continues to occur in the VUs in dauers, 
we would expect that we would be able to observe nuclear LIN-12::GFP in the VUs.  
Indeed, when we quantified expression of nuclear LIN-12::GFP, we found that there 
was significantly higher expression in the VUs compared to the AC (Fig. 8D).  To 
assess whether this higher level of nuclear LIN-12::GFP is engaged in activation of 
target genes, we examined endogenous LAG-1::GFP in the VUs compared to the AC.  
We found that LAG-1::GFP was consistently expressed in the VUs at higher levels than 
in the AC (Fig. 8A).  We tested whether this higher level was due to increased 
transcription using arSi59  the transcriptional reporter of lag-1 (Fig. 8B), and a mutant 
derivative called arSi60 in which all potential LBSs are mutated so that the reporter will 
no longer respond to LIN-12 signaling.  We observed that arSi59 is upregulated in VUs 
compared to the AC, but that the LBS mutant arSi60 was expressed at the same level in 
the AC compared to the VUs (Fig. 8C).  These results indicate that the higher level of 
LAG-1::GFP in VUs compared to the AC is due to transcriptional autoregulation   
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Interestingly, as in continuously-developing hermaphrodites, mutation of the LBSs 
appeared to relieve default repression in the AC (Chapter 2 (Luo et al., 2020)). Our 
results strongly suggest that LIN-12 signaling is not blocked either at the level of 
formation of the nuclear complex or its ability to activate transcription of target genes.  
However, given that VUs remain quiescent in dauer gonad, it is likely that a more 
downstream process to LIN-12 signaling prevents further VU progression and divisions.  
Another possibility is that key transcriptional coactivators or chromatin modifiers are 
missing and therefore cannot express key LIN-12 targets to sufficient levels as in 
continuous development.   
 
The level of nuclear DAF-16::zf1::wrmScarlet increases in the VPCs during the 
L2d-dauer molt and stays high throughout dauer 
Given our findings that daf-16 appears to be necessary for the maintenance but 
not the initiation of the block to signaling, we examined expression of endogenous DAF-
16 using daf-16(ar620[daf-16::zf1::wrmScarlet])(see Materials and Methods) in VPCs to 
see whether the level of DAF-16 in the nuclei coincided with this timing.  DAF-
16::zf1::wrmScarlet is a C-terminal fusion of wrmScarlet to the endogenous daf-16 locus 
and will capture all predicted daf-16 isoforms.  We found that this allele was slightly 
hypomorphic and produced SDS-resistant dauers at a lower rate than a daf-16(+) 
background.  However, activation of the LIN-12 target lst-5 in the VPCs remained 
blocked in daf-16(ar620[daf-16::zf1::wrmScarlet]) dauers, and inappropriate progression 
of the gonad or specification of the VPCs was never observed, indicating that there was 
sufficient daf-16 activity to maintain cellular quiescence in dauer larvae. 
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 Quantification was performed on animals at the L2d, L2d-dauer molt, and young, 
newly formed dauer stages using daf-7(e1372ts).  We found that nuclear expression in 
L2d was very low, but at the L2d-dauer molt, expression of DAF-16::zf1::wrmScarlet 
increased over 10-fold.  Expression moderately increased further in the dauer stage, 
~1.5 fold from the L2d-dauer molt to new dauer and ~1.2 fold from new dauer to 12 hour 
dauers (Figs. 9A-D).   
 The low level of nuclear DAF-16 in the L2d stage suggests there is low level of 
daf-16 activity, consistent with the lack of effect of daf-16 RNAi during L2d on the 
expression of nuclear LIN-12 components and LAG-2.  It appears that DAF-16 is most 
active beginning in the L2d-dauer molt, potentially the restoration of a multipotential 
VPC-like stage, but it does not exert an effect on blocking LIN-12 signaling until animals 
have become dauers.   
 The downregulation of LIN-12 signaling from L2d to the L2d-dauer molt instead is 
mediated by another process, likely the daf-7/TGF-β signaling pathway.  We 
hypothesize that redundant factors (such as DAF-7/TGF-β -mediated pathways) that are 
responsible for the entry into dauer are also responsible for the initial block to LIN-12 
signaling in the L2d-dauer molt.  We also have noticed that while daf-7(e1372ts) dauers 
can remain in dauer for months, daf-7(e1372ts) animals treated with daf-16 RNAi will be 
only transiently SDS -resistant and will almost all re-enter continuous development after 
3-4 days.  This is consistent with literature findings that DAF-7/TGF-β signaling 
intersects with DAF-2/Ins/InsR through DAF-16 (Lee, Hench, and Ruvkun 2001).  Our 
current hypothesis is that daf-7(e1372ts)-mediated dauer formation still requires 




In this chapter, we probed how LIN-12 signaling is blocked during dauer 
formation and how DAF-16 mediates this block.  Because the core nuclear activation 
complex components, composed of LAG-1, SEL-8, and LIN-12(intra), are all required 
for LIN-12 signaling, we quantified expression of each component, tagged with GFP 
using CRISPR/Cas9, during synchronized dauer entry experiments.  Expression of 
LAG-1::GFP, a target of LIN-12 activation, revealed LIN-12 signal transduction occurred 
weakly during the L2d stage but was abrogated during the L2d-dauer molt and dauer 
stages.  daf-16 loss did not affect the abrogation of activity during the L2d-dauer molt, 
only in dauer.  The presence of nuclear LIN-12::GFP further supported these findings, 
as daf-16 only appeared to affect nuclear LIN-12::GFP once the animals were fully in 
dauer.  We also found that ectopic expression of LIN-12(intraΔP) in VPCs was able to 
overcome the block to LIN-12 signaling during all stages of dauer entry, suggesting that 
the block to LIN-12 signaling likely occurred due to repression of a mechanism required 
for LIN-12 activation upstream of the formation of the nuclear complex.   
    One hypothesis that we explored was that LIN-12 ligand, such as LAG-2, may 
be limiting LIN-12 activation.  However, while we found that while LIN-12 activity was 
eliminated during the L2d-dauer molt, LAG-2 apical membrane expression instead 
increased during the L2d-dauer molt, implying that LIN-12 ligand is not necessarily the 
limiting step to LIN-12 activation.  We also noted that loss of DAF-16 appeared to only 
increase apical membrane expression in older dauer larvae, in contrast to LIN-12 
activity, in which DAF-16 loss began to increase expression of LIN-12 transcriptional 
targets in newly formed dauers.  This latter finding appears to suggest that another LIN-
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12 ligand such as DSL-1 or APX-1 may be regulated differently than LAG-2 in daf-16(-) 
dauers and is responsible for activating LIN-12 at earlier dauer timepoints or that our 
quantification methods may not have sufficiently captured the proper LAG-2 expression 
and localization necessary for LIN-12 signal transduction.   
 We also examined the somatic gonad to see whether the dauer block to LIN-12 
signaling is universal or specific to VPCs.  The AC and VUs are already specified in 
dauer (Tenen and Greenwald 2019), but the somatic gonad remains quiescent and 
does not progress normally as in continuous development.  Using LIN-12::GFP, we 
found that there is nuclear LIN-12::GFP in dauer VUs.  Expression of LAG-1 and its 
transcriptional reporters, one of which has been mutated to make it insensitive to LIN-12 
signaling, suggested that LIN-12 signaling is active in the VUs.  LAG-2 expression is 
also maintained in the AC during dauer.   
 This work suggests that DAF-16 may be playing different roles during various 
stages of dauer development.  DAF-16 is reported to function primarily as a direct 
transcriptional activator of “class I” genes, which are involved in stress response 
(Schuster et al. 2010; Murphy et al. 2003b).  Transcriptional repression of ”class II” 
genes involved in growth and development instead, is thought to occur through DAF-16 
-mediated nuclear exclusion of the transcription factor PQM-1, which activates class II 
target genes (Murphy et al. 2003a; Tepper et al. 2013).  The block to transcriptional 
activation of VPC targets is likely indirectly mediated by DAF-16 and instead may be 
caused by a resumption of PQM-1 transcriptional activity, whose state in VPCs is still 
uncharacterized.  Moreover, it appears that the block to LIN-12 signaling may be 
caused by a different mechanism than the block to EGFR signaling, given that the 
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timing of signaling repression occurs at different points in dauer entry (L2d-dauer molt 
for LIN-12 activity, early dauer for EGFR signaling) and that DAF-16 exerts different 
effects on both pathways.   
With regards to LIN-12 signaling, a future step would be to probe different 
components required for LIN-12 activation during the L2d-dauer molt block.  One 
approach to check if lin-12 transcriptional expression is affected would be to create a 
synthetic operon via a lin-12::gfp::sl2(acc)::nls::tdTomato::nls allele such that the 
NLS::tdTomato::NLS would report whether lin-12 transcription is affected.  However, 
this approach was successful for lag-1 (Chapter 2; Luo et al., 2020) but not for lag-2 (J. 
Shaffer, personal communication).  Given that the lin-31 promoter expresses robustly 
during the L2d-dauer molt and that LIN-12(intraDP) expressed using lin-31p has been 
shown to be able to bypass the LIN-12 block during the stage, ectopic expression of 
different stages of LIN-12 activation (e.g. full-length LIN-12, LIN-12(intra)) could be used 
to ask why LIN-12 cannot activate downstream targets despite the presence of LAG-2 
ligand (Struhl and Adachi 1998; Struhl and Greenwald 1999, 2001; Struhl and Adachi 
2000). 
 
MATERIALS AND METHODS 
C. elegans alleles and transgenes 
All strains and genotypes can be found in Table S1. 
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 lag-1(ar611[lag-1::gfp]) and lag-1(ar618[lag-1::gfp::sl2acc::nls::tdTomato::nls]) 
are endogenously tagged lag-1 alleles that were previously described in Chapter 2 
Materials and Methods. 
lin-12(ar624[lin-12::gfp]) is a GFP translational fusion to the C-terminus of the 
endogenous lin-12 locus.  It was previously described in (Attner et al. 2019) 
sel-8(ar631[sel-8::gfp]) is a GFP translational fusion to the C-terminus of the 
endogenous sel-8 locus.   
lag-2(ar628[lag-2::gfp::sl2(acc)::nls::tdTomato::nls]) is a fusion to the C-terminus 
of the endogenous lag-2 locus. 
daf-16(ar620[daf-16::zf1::wrmScarlet]) is a ZF1::wrmScarlet C-terminal 
translational fusion to the endogenous daf-16 locus. 
VPC markers: jccTi1[lin-31p::mCherry::H2B], arTi88[lin-31p::2xNLS::YFP], and 
arTi253[lin-31p::mTurquoise::H2B] were used to mark the nucleus of VPCs during L2 
and L3 and during dauer entry. 
Somatic gonad markers: arTi112[ckb-3p::mCherry::H2B] and arTi145[ckb-
3p::mCherry::H2B] were both used to mark the nuclei of the somatic gonad during 
dauer. 
For analysis of lag-2(ar628[lag-2::gfp::sl2(acc)::nls::tdTomato::nls]), we used 
NLS::tdTomato::NLS to mark the nuclei of the AC and P6.p. 
arTi102[lin-31p::lin-12(intraΔP)] was used to ectopically express LIN-12(intraΔP) 
in VPCs during dauer. 
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arSi59[lag-1(1.6 kb enhancer)+gcy-5(200bp)p::2xNLS::YFP] is a transcriptional 
reporter of lag-1 that is also responsive to LIN-12 signaling.  It was generated by 
CRISPR/Cas9 insertion into the ttTi4348 locus. 
arSi60[lag-1(1.6 kb enhancer (LBSmut))+gcy-5(200bp)p::2xNLS::YFP] is a 
transcriptional reporter of lag-1 that with mutated LAG-1 Binding Sites, rendering it 
unresponsive to LIN-12 signaling.  It was generated by CRISPR/Cas9 insertion into the 
ttTi4348 locus. 
 
CRISPR/Cas9 genome engineering 
lag-1(ar611[lag-1::gfp]) and lag-1(ar618[lag-1::gfp::sl2(acc)::nls::tdTomato::nls]) 
have been previously described in Chapter 2 Materials and Methods.  lin-12(ar624[lin-
12::gfp]) was generated by Jessican Chan and described in (Attner et al. 2019). 
 sel-8(ar631[sel-8::gfp]) was generated by a self-excising cassette strategy 
(Dickinson et al. 2015) using two targeting sequences: TGATATTAGCGAATGCAGT 
and ATATGCATCCACCGGCCTA.  In order to express the sgRNAs, the targeting 
sequences were inserted into pJW1285 (Ward 2015), replacing the pha-1 targeting 
sequence.  We did not observe any overt phenotypes associated with sel-8 loss-of-
function, such as Lag or lin-12 hypomorphic phenotypes.  This allele was created by a 
former Columbia undergraduate student, Elizabeth M. Johnson. 
 lag-2(ar628[lag-2::gfp::sl2(acc)::nls::tdTomato::nls]) was also generated by the 




 daf-16(ar620[daf-16::zf1::wrmScarlet]) was also generated using self-excising 
cassette strategy (Dickinson et al. 2015).  We used the targeting sequence 
CTCTCTTTCGAACAACACCA.  We noted that this strain appeared to be hypomorphic 
and did not produce as many SDS-resistant dauers when starved, compared to daf-
16(+) animals.  However, we did not find that signaling required for VPC specification 
became unblocked in daf-16(ar620) dauer animals. 
 
RNAi experiments and staging 
Gravid hermaphrodites were grown at the permissive temperature 20oC and 
before lysis with a NaOH/bleach solution to release eggs.  Eggs were plated onto 
HT115 bacteria expressing either lacZ or daf-16 RNAi and incubated at 25oC.  Larvae 
were removed for imaging at different time points after initial plating: 27 hours, 39 hours, 
51 hours, and 63 hours.  These time points roughly correspond to L2d, L2d-dauer molt, 
newly formed dauers, and 12-hour old dauers, respectively.  We staged animals 
morphologically: L2d possessed small gonads and dark bodies, were alae-free and did 
not possess any molting cuticle.  Larvae in the L2d-dauer molt did not possess any 
dauer alae or radial constriction but exhibited a loose cuticle or “mouth cap” coming off 
at the head of the animal and a larger gonad.  Neither L2d larvae nor those in the L2d-
dauer molt were SDS-resistant.  Newly formed dauers were characterized by their 
resistance to SDS, the presence of dauer alae, radial constriction, and a loose cuticle 
surrounding them.  The 12-hour old dauers were morphologically very similar to newly 
formed dauers except with a smaller proportion retaining the cuticle.   
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 L2 larvae were collected by performing a 2 hour egg-lay and incubating for 26 
hours (30 hours for L3 larvae) at 25oC.    
 
Image Acquisition 
Larvae were mounted in 12.5 µM levamisole on agarose pads and imaged on a 
spinning disk confocal microscope (Carl Zeiss).  Stacks were taken at 0.25 µm intervals.  
An image “blank” was taken for each experiment for flatfielding purposes.  Exposure 
times for different strains are written below: 
daf-7(e1372ts); lag-1(ar611); jccTi1: 500ms for GFP, 150ms for RFP 
arSi59; daf-7(e1372ts); jccTi1: 500s for YFP, 500ms for RFP 
lag-1(ar618); arTi253[lin-31p::mTurquoise::H2B]: 500ms for GFP, 500ms for RFP, and 
1s for mTurquoise 
daf-7(e1372ts); arTi102[lin-31p::lin-12(intraΔP)]; jccTi1: 500ms for GFP, 150ms for RFP 
lin-12(ar624); jccTi1 and daf-7(e1372ts) lin-12(ar624); jccTi1: 500ms for GFP, 150ms 
for RFP 
sel-8(ar631); jccTi1 and daf-7(e1372ts) sel-8(ar631); jccTi1: 500ms for GFP, 150ms for 
RFP 
lag-2(ar628) and daf-7(e1372ts); lag-2(ar628): 500ms for GFP and 500ms for RFP 
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lag-1(ar611); arTi112[ckb-3p::mCherry::H2B], sel-8(ar631); arTi112[ckb-
3p::mCherry::H2B], and arTi145[ckb-3p::mCherry::H2B]; lin-12(ar624): 500ms for GFP, 
150ms for RFP 
arSi59; arTi112[ckb-3p::mCherry::H2B] and arSi60; arTi112[ckb-3p::mCherry::H2B]: 1s 
for YFP, 1s for RFP 
arTi88[lin-31p::2xNLS::YFP] and daf-16(ar620); arTi88[lin-31p::2xNLS::YFP]; daf-
7(e1372ts): 1s for YFP, 1s for RFP 
Laser power for measured fluorescence for all quantified GFP channels was 16.3%, and 
30% for DAF-16::ZF1::wrmScarlet. 
Image Processing and Analysis 
All image stacks used for nuclear quantification were processed and flatfielded as 
described in (de la Cova et al. 2017) using custom Matlab scripts and ImageJ macros.  
Automated segmentation of nuclei was achieved using Cellprofiler (Carpenter et al. 
2006) and custom python scripts (Regot et al. 2014).  Nuclei total intensity values were 
computed by summing the maximum nucleus values from five slices per image stack.  
For the mean intensity of LAG-2::GFP in the AC, the average of the five maximum 
nuclei mean intensity values for the GFP channel was calculated instead.  For total 
intensity of LAG-2::GFP in the AC, a secondary outline was generated in Cellprofiler to 
identify the boundaries of the AC cytoplasm using LAG-2::GFP.  The total intensity of 
GFP within this outline was quantified and the maximum 5 slices were summed to 
obtain the totally intensity for a particular AC. 
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 See Fig. S4 for schematic on quantification of LAG-2;:GFP apical membrane 
intensity.  Apical membrane intensity of LAG-2::GFP in P6.p was analyzed by first 
determining the slices with the maximum P6.p NLS::tdTomato::NLS nucleus value.  An 
orthogonal projection of five slices, centered on the slice with the maximum P6.p 
nuclear value, was generated.  These projections were flatfielded and analyzed in 
ImageJ.  Three segments perpendicular to the apical membrane were drawn across the 
apical membrane; these segments were positioned so that one would align with the 
center of the nucleus while the other two would flank the nucleus.  Segments were 
drawn such that they would only cross the apical membrane and avoid any other 
structures.  A plot profile was created using this segment; in L3 P6.p with bright LAG-
2::GFP apical expression, pixel values peaked where the segment intersected with the 
apical membrane.  Because part of the segment would intersect with empty space (the 
apical membrane of P6.p is the ventral border of the animal), the minimum value of the 
segment was used as background and subtracted from the pixel values along the 
segment.  The width of the membrane was estimated to be 1.25 µm pixels, so the 
maximum 5 values for each segment was calculated.  An approximate mean membrane 
intensity value was generated by averaging the three segments for each P6.p cell.  This 
value was then normalized to a scale of 0 to 1.  We note that this approach does not 
adequately remove stage-specific levels of basal apical expression not attributable to 
LAG-2::GFP.  Therefore, we only compared quantitative expression of LAG-2::GFP 
between lacZ(RNAi) and daf-16(RNAi) at the same time point. 
 We also noticed in the DAF-16::ZF1::wrmScarlet quantification experiment (Fig. 
9) that there appeared to be bleed-through of YFP into the RFP channel.  In order to 
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subtract out this bleed-through, we imaged arTi88[lin-31p::2xNLS::YFP] during L3 using 
the same imaging conditions as for quantifying DAF-16::ZF1::wrmScarlet.  A scatter plot 
of the values is shown in Fig. S8; Pearson’s correlation showed a moderately linear 
relationship between YFP values and bleed-through in the red channel.  We used linear 
regression to create a formula for estimating autofluorescence based upon the YFP 
value and used this formula to subtract out estimated bleed-through from the DAF-
16::zf1::wrmScarlet quantification data. 
 
Statistical Analysis 
Our data did not pass the Shapiro-Wilk Test of Normality, so we used the Mann-
Whitney U Test to compare differences in the median between different groups.  For 



















































Figure 1. VPC Specification and the C. elegans life cycle 
(A) VPCs are specified during L3 by the LIN-3/EGF-like ligand produced by the anchor 
cell, located in the somatic gonad.  The nearest VPC, P6.p, undergoes EGFR signaling, 
causing it to express LIN-12 ligands and acquire 1o VPC fate.  The LIN-12 ligands 
laterally activate LIN-12/Notch on adjacent VPCs P5.p and P7.p, causing transcription 
of LIN-12 targets and acquire 2o VPC fate.  Due to lack of EGFR or LIN-12/Notch 
signaling, P3.p, P4.p, and P8.p do not acquire vulval fate and instead divide once and 
produce daughters that fuse to the hypodermis (the 3o fate). 
(B) The C. elegans life cycle.  L1 larvae hatched from eggs in the presence of favorable 
conditions will molt four times before becoming reproductive gravid adults.  In the 
presence of adverse environmental conditions, L1 larvae will instead molt into L2d and 
then molt into the long-lived stage dauer.  Once reintroduced to favorable conditions, 
dauer larvae will progress into post-dauer L3 and proceed as in continuous 
development. 
(C)  LIN-12 is activated by binding of ligand from an adjacent cell to its ectodomain.  
This triggers two cleavage events, one in the ectodomain and the other in the 
transmembrane domain, resulting in the release of LIN-12(intra).   LIN-12(intra) 
translocates to the nucleus where it forms a core complex with SEL-8 and LAG-1, which 
































































Figure 2. DAF-16 is required for the maintenance but not the initiation to the block 
of LIN-12 targets 
(A) (E) (I) (M) Normalized quantification of LAG-1::GFP in VPCs during L2d, L2d-dauer 
molt, new dauers, and 12 hour dauers treated with lacZ RNAi.  A 2o VPC pattern is 
detected only during L2d, indicating that there is weak LIN-12 activity during L2d which 
is lost upon the L2d-dauer molt. 
(B) (F) (J) (N) Normalized quantification of the 1.6 kb enhancer, a transcriptional 
reporter of LAG-1::GFP that has been shown to be a direct target of LIN-12 signaling, 
which is indicated by the presence of a 2o VPC pattern.  Data was obtained from larvae 
in the L2d, L2d-dauer molt, new dauer, and 12 hour dauer stages that were treated with 
lacZ RNAi.  The results reflected the findings in LAG-1::GFP: a 2o VPC pattern was 
detected only during L2d stage and was abrogated upon the L2d-dauer molt. 
(C) (G) (K) (O) Normalized quantification of LAG-1::GFP as in (A) (C) (E) with animals 
treated with daf-16 RNAi instead of lacZ RNAi.  The 2o VPC pattern is present in L2d 
and disappears during the L2d-dauer molt.  In contrast to treatment with lacZ RNAi, 
dauer larvae treated with daf-16 RNAi express in a 2o VPC pattern, indicating 
resumption of LIN-12 activity. 
(D) (H) (L) (P) Normalized quantification of the 1.6 kb enhancer in VPCs treated with 
daf-16 RNAi during L2d, L2d-dauer molt, and new dauer stages.  The patterning reflects 
the findings with LAG-1::GFP, in which treatment with daf-16 RNAi specifically causes a 
2o VPC pattern to resume in the new dauer stage but not the L2d-dauer molt, 
suggesting the DAF-16 activity is important for the maintenance but not the initiation to 
the block to LIN-12 signaling.  Moreover, this reporter suggests that the block to LAG-
1::GFP  expression is transcriptionally mediated. 








































Figure 3. Expression of nuclear LIN-12::GFP confirms that DAF-16 is required for 
the maintenance of the block to LIN-12(intra) nuclear localization during dauer 
stages but not the L2d-dauer molt 
(A) Quantification of nuclear LIN-12(intra) ::GFP during L2.  A 2
o
 VPC pattern was 
observed. 
(B) Quantification of nuclear LIN-12(intra) ::GFP during L3.  A more pronounced 2
o
 VPC 
pattern was found, indicating that it was possible to quantify activated LIN-12::GFP 
(C) Quantification of nuclear LIN-12::GFP during L2d.  Left plot represents animals 
treated with lacZ RNAi, while right plot represents animals treated with daf-16 RNAi. A 
2
o
 VPC pattern was not observed in either treatment. 
(D) Quantification of nuclear LIN-12::GFP during L2d-dauer molt.  Left plot represents 
animals treated with lacZ RNAi, while right plot represents animals treated with daf-16 
RNAi. A 2
o
 VPC pattern was not observed in either treatment. 
(E) Quantification of nuclear LIN-12::GFP during new dauer.  Left plot represents 
animals treated with lacZ RNAi, while right plot represents animals treated with daf-16 
RNAi. A 2
o
 VPC pattern was not observed in either treatment.  A 2
o
 VPC pattern was in 
daf-16(RNAi) treatment, indicating the presence of LIN-12 signaling during these 
periods, consistent with findings of patterning in LAG-1::GFP and the 1.6 kb enhancer, 
and with a role for daf-16 in maintaining but not establishing a block to LIN-12 activity in 
dauer life history. 
(F) Quantification of nuclear LIN-12::GFP during 12 hour dauer.  Left plot represents 
animals treated with lacZ RNAi, while right plot represents animals treated with daf-16 
RNAi.  A 2
o
 VPC pattern was observed in daf-16(RNAi) treatment, indicating the 
presence of LIN-12 signaling during these periods, consistent with findings of patterning 
in LAG-1::GFP and the 1.6 kb enhancer, and with a role for daf-16 in maintaining but not 
establishing a block to LIN-12 activity in dauer life history. 

























































Figure 4. LAG-1::GFP expression is increased by ectopic expression of LIN-12(intraΔP) 
(A) (D) (G) (J) Quantification of LAG-1::GFP in L2d, L2d-dauer molt, new dauer, and 12 
hour dauer stages treated by lacZ RNAi.  This is the same data as in Fig. 1A, 1C, E 
without normalization for the purposes to show effects of LIN-12(intraΔP) on LAG-
1::GFP levels. 
(B) (E) (H) (K) Quantification of LAG-1::GFP in the presence of ectopic LIN-12(intraΔP) 
in L2d, L2d-dauer molt, new dauer, and 12 hour stages treated with lacZ RNAi shows 
that ectopic LIN-12(intraΔP) causes significantly higher expression of LAG-1::GFP at all 
four dauer entry stages.  ***p<0.001 Mann-Whitney U Test, VPC-by-VPC comparison to 
LAG-1::GFP at the same stages without ectopic LIN-12(intraΔP). 
(C) (F) (I) (L)  Quantification of LAG-1::GFP in the presence of ectopic LIN-12(intraΔP) 
in L2d, L2d-dauer molt, new dauer, and 12 hour dauer stages treated with daf-16 RNAi.  
Expression was compared on a VPC-by-VPC basis to (B) (E) (H), (K) respectively.  A 
significant difference was only found in the new dauer stage. ns not significant, 
















Figure 5. Proportion of larvae with visible P6.p apical expression.  
(A) Larvae grown on lacZ RNAi were assessed for LAG-2::GFP expression on the P6.p 
apical membrane.  Visible expression was counted as any expression, bright or dim, 
that bordered the apical membrane.  The proportion of visible expression increased 
transiently during the L2d-dauer molt and then decreased again during new dauer.  
Proportion remained low.  These changes were not statistically significant, by Fisher’s 
exact test. 
(B) Larvae grown on daf-16 RNAi were assessed for LAG-2::GFP expression on the 
P6.p apical membrane.  As in (A), visible expression was counted as any expression 
regardless of how bright or dim that overlapped with the apical membrane.  The 
proportion of visible LAG-2::GFP apical membrane expression on P6.p remained low 
during L2d and the L2d-dauer molt.  It gradually increased in New Dauer and further 
increased during 12 hour Dauer.  The 12 hour Dauer expression proportion was 
significantly higher (p<0.001) than the proportion of visible expression in L2d and the 
L2d-dauer molt but not New Dauer, indicating that daf-16 RNAi treatment lead to an 
increase of LAG-2::GFP apical membrane expression specifically during dauer. 
(C) Proportion of LAG-2::GFP apical membrane expression in P6.p during L3, a stage during 
which LIN-12 signaling has been establish to occur.  100% of animals during L3 expressed 



































Figure 6. Representative orthogonal projections of visible LAG-2::GFP during 
dauer entry 
Scale bar is shown in (A). 
(A) L2d larvae treated with lacZ RNAi (left panel) or daf-16 RNAi (right panel).  
Expression of LAG-2::GFP appears to be dim and punctate apical expression is also 
observed. 
(B) L2d-dauer larvae treated with lacZ RNAi (left panel) or daf-16 RNAi (right panel).  
Expression is very distinct in the lacZ(RNAi)-treated larvae, while it appears dimmer in 
the daf-16(RNAi)-treated larva.  The daf-16 RNAi did not appear to increase LAG-
2::GFP during the L2d-dauer molt. 
(C) New dauer larvae treated with lacZ RNAi (left panel) or daf-16 RNAi (right panel).  
Expression of LAG-2::GFP appears to be dim in both animals.  During this stage, LIN-
12 signaling appears to be active in daf-16(RNAi)-treated larvae. 
(D) 12-hour dauer larvae treated with lacZ RNAi (left panel) or daf-16 RNAi (right panel).  
Expression of LAG-2::GFP in the apical membrane appears brighter in the daf-
16(RNAi)-treated larvae than in the lacZ(RNAi)-treated larvae, suggesting that daf-16 
RNAi treatment resulted in increased LAG-2::GFP expression.  Note that during this 
stage LIN-12 signaling appears to be active in daf-16(RNAi)-treated larvae. 
(E) A representative orthogonal projection of LAG-2::GFP expression on the apical 






















Figure 7. LAG-2::GFP quantified expression during dauer entry 
(A)-(D) Quantification of mean intensity of LAG-2::GFP in the P6.p apical membrane 
during L2d, L2d-dauer molt, new dauer, and 12-hour dauer, treated with either lacZ or 
daf-16 RNAi.  During the L2d-dauer molt, significantly higher expression was observed 
in lacZ(RNAi) treated larvae than daf-16(RNAi) treated animals.  In 12-hour dauers, 
higher expression was instead observed in daf-16 RNAi-treated dauers than in lacZ 
RNAi –treated dauers. 
(E) Mean intensity of apical membrane expression of LAG-2::GFP.  It is not significantly 
different from the mean intensity of LAG-2::GFP expression in 12- hour dauers treated 
with daf-16 RNAi, Mann-Whitney U Test. 
(F)-(I) Quantification of total intensity of LAG-2::GFP in the AC during L2d, L2d-dauer 




significant difference was observed until the 12-hour dauer stage, in which daf-16(RNAi) 
–treated dauers expressed higher intensity of LAG-2::GFP in the AC than lacZ(RNAi) –
treated dauers. 
(J) Quantification of the total intensity of LAG-2::GFP in the AC during L3. 














Figure 8. The somatic gonad maintains LIN-12 signaling in starved dauers 
This experiment tests whether LIN-12 activity can still be observed in the dauer VUs, by 
examining whether there is differential LIN-12 activity between the AC and VUs in 
dauers acquired by starvation. 
(A) Quantification of the total intensity of LAG-1::GFP, a LIN-12 transcriptional target, in 
the AC and VUs during dauer.  Significantly higher expression was observed in the αVU 
than in the AC, implying that LIN-12 activity was still occurring in the VUs. 
(B) Quantification of the LIN-12 transcriptional target, the 1.6 kb enhancer in the AC and 
VUs.  Expression of this enhancer reflects the findings from LAG-1::GFP, in which the 
αVU has significantly higher expression than the AC. 
(C) Quantification of the 1.6 kb enhancer (LBSmut) in the AC and VUs during dauer.  
The 1.6 kb enhancer (LBsmut) is the same enhancer as in 7B, except with LAG-1 
Binding Sites mutated, such that it is no longer responsive to LIN-12 activity.  No 
significant difference in expression between the AC and the αVU was observed, 
indicating that the differential expression observed in 7B was likely due to LIN-12 
activity. 
(D) Quantification of nuclear LIN-12::GFP in the dauer somatic gonad.  Significantly 
higher expression of LIN-12::GFP was quantified in the αVU compared to the AC. 

















Figure 9.  DAF-16::zf1::wrmScarlet expression is upregulated during the L2d-
dauer molt 
During L2d, mean corrected expression of nuclear DAF-16::ZF1::wrmScarlet expression 
in all VPCs is near-zero and then becomes upregulated during the L2d-dauer molt.  
Expression of all VPCs continues to increase during progression to New dauer and then 
slightly plateaus during 12-hour dauer.  These results suggest that DAF-16 is present in 
VPC nuclei and that it reaches maximal expression during dauer.   See Figure S3 for 





























































Figure S1.  Expression of of LAG-1::GFP and its endogenous transcriptional 
reporter NLS::tdTomato::NLS in VPCs in starved dauer larvae. 
(A) (B) LAG-1::GFP and NLS::tdTomato::NLS expression in starved dauers from a lag-
1::gfp::sl2(acc)::nls::tdTomato::nls operon generated by CRISPR/Cas9.  There is no 2
o 
VPC patterning in either LAG-1::GFP nor the NLS::tdTomato::NLS, indicating that the 
block to LAG-1::GFP patterning is transcriptionally mediated, likely through the block to 
LIN-12 activity.  The correlation of the patterning between LAG-1::GFP and its 








































Figure S2. LAG-1::GFP during L2 and expression of LIN-12::GFP during L2d 
(A) LAG-1::GFP, a transcriptional target of LIN-12, is patterned during L2, reflecting the 
patterning of LIN-12::GFP during L2 in Fig. 4A. 
(B) and (C) Orthogonal projections of nuclear LIN-12::GFP treated with lacZ RNAi or 
daf-16 RNAi during L2d.  LIN-12::GFP is visible in the nucleus of P5.p and P7.p but not 
P6.p.  Only a minority of L2d larvae exhibited this pattern, but it is likely the source of 
the 2
o









Figure S3. SEL-8::GFP expression shows the DAF-16 causes a difference in 
expression only during dauer stages  
(A) Quantification of SEL-8::GFP during L2.  A 2
o
 VPC pattern was not observed. 
(B) Quantification of SEL-8 ::GFP during L3.  A 2
o
 VPC pattern was not observed. 
(C) Quantification of SEL-8 ::GFP during L2d.  Left plot represents animals treated with 
lacZ RNAi, while right plot represents animals treated with daf-16 RNAi.  When 
compared on a VPC-by-VPC basis to lacZ(RNAi) animals, there was no significant 
difference in SEL-8::GFP expression in animals with treated with daf-16 RNAi 
The following was done by Elizabeth M. Johnson: 
(D) Quantification of SEL-8 ::GFP during the L2d-dauer molt.  Left plot represents 
animals treated with lacZ RNAi, while right plot represents animals treated with daf-16 
RNAi.  When compared on a VPC-by-VPC basis to lacZ(RNAi) animals, there was no 
significant difference in SEL-8::GFP expression in animals with treated with daf-16 RNAi 
(E) Quantification of SEL-8 ::GFP during new dauer.  Left plot represents animals 
treated with lacZ RNAi, while right plot represents animals treated with daf-16 RNAi.  
When compared on a VPC-by-VPC basis to lacZ(RNAi) animals, SEL-8::GFP 
expression in daf-16(RNAi) animals was significantly higher than in VPCs treated with 
lacZ RNAi. 
(F) Quantification of SEL-8 ::GFP during 12 hour dauer.  Left plot represents animals 
treated with lacZ RNAi, while right plot represents animals treated with daf-16 RNAi.  
When compared on a VPC-by-VPC basis to lacZ(RNAi) animals, SEL-8::GFP 
expression in daf-16(RNAi) animals was significantly higher than in VPCs treated with 
lacZ RNAi. 



















Figure S4.  Schematic of workflow to quantify/approximate apical membrane 
expression of LAG-2::GFP on P6.p 
(A) Diagram of P6.p with nucleus and basolateral and apical membranes labeled.  
Nucleus is displayed in red, while basolateral membrane is in blue.  The apical 
membrane, which is the subject of quantification due to its accumulation of LAG-2::GFP 
during active LIN-12 signaling in L3, is outlined in green.  Three segments perpendicular 
to the apical membrane are drawn as shown.  One segment is aligned approximately 
with the center of the P6.p nucleus while the other two flank the nucleus.  The 
intersection of these segments with the apical membrane were used for approximation 
of apical membrane intensity.  
(B) Schematic of workflow to quantify apical membrane intensity.  An example of animal 
during L3, a period of active EGFR and LIN-12 signaling, is shown.  (1) Two channels 
(GFP and RFP) and a merge are shown.  LAG-2::GFP is expressed only in the green 
channel so an orthogonal projection of 5 slices centered on P6.p nucleus is generated 
from the GFP channel.  (2) The orthogonal projection undergoes flatfield processing to 
remove fluorescent biases that may exist in the camera as described in Regot, et al. 
2014.  (3) The processed orthogonal projection is imported into Fiji/ImageJ and 3 
perpendicular segments are drawn according to the criteria described in (A).  (4) An 
example plot profile of one segment is shown.  The fluorescent intensities along the 
length of the segment are displayed in the plot profile.  A peak in intensity is observed 
where the segment intersects with the apical membrane; this peak encompasses 
approximately 5 pixels.  (5) Analysis was performed as following: (i) background defined 
as the fluorescent value taken from a region without any animal was subtracted from 
each pixel value (ii) values were normalized from 0 to 1 by dividing by the maximum 
value (2^16-1) (iii) values were then summed to produce a single membrane value for a 
segment (6) The three membrane values were averaged across all three segments to 










Figure S5. Mean intensity of LAG-2::GFP overlapping the AC nucleus 
(A)-(E) The mean intensity of LAG-2::GFP overlapping the AC nucleus was quantified 
during dauer entry in larvae treated with lacZ or daf-16 RNAi and during L3.  No 
significant difference in LAG-2::GFP mean intensity was found between RNAi 
treatments at any stage except the 12-hour dauer stage.  In 12-hour dauers, the mean 
intensity of LAG-2::GFP is greater in daf-16(RNAi) –treated larvae than lacZ(RNAi) -
treated larvae.  This is consistent with findings in Figures 5F-I that the total LAG-2::GFP 
intensity is higher in daf-16(RNAi) -treated larvae than in lacZ(RNAi) –treated larvae 















Figure S6.  (A)-(D) Quantification of DAF-16::zf1::wrmScarlet during L2d, L2d-dauer 
molt, new dauer, and 12-hour dauer stages.  Expression is significantly increased from 
L2d to the L2d-dauer molt.  Expression also increases as the animal enters dauer. 
ns not significant, *p<0.05, **p<0.01, ***p<0.001 Mann-Whitney-U Test, VPC-by-VPC 
comparison to the preceeding stage (e.g. tests shown on the “L2d-dauer molt” plot is 
done by comparison with “L2d,” tests shown on the “New dauer” plot is done by 













Figure S7.  Expression of the lin-31 promoter during dauer entry shows that 
expression spikes during the L2d-dauer molt 
(A)-(D) Total intensity of lin-31p::2xNLS::YFP during L2d, L2d-dauer molt, new dauer, 
and 12-hour dauer stages.  Expression is significantly increased from L2d to the L2d-
dauer molt and then becomes significantly decreased as the animals enters dauer.   
*p<0.05, **p<0.01, ***p<0.001 Mann-Whitney U Test, VPC-by-VPC comparison to the 
preceeding stage (e.g. tests shown on the L2d-dauer molt plot is done by comparison 
with L2d, tests shown on the New dauer plot is done by comparisons with L2d-dauer 
molt, etc.) 
(E) Total intensity of lin-31p::2xNLS::YFP during L3.  Note that it does not exhibit a 
uniform across all VPCs. 
(F) Line graph representation of lin-31p::2xNLS::YFP expression during dauer entry.  
Mean fluorescence intensity for each VPC are plotted, with standard error bars shown.  
Expression of YFP in all VPCs increases from L2d to the L2d-dauer molt and then 
decreases during new dauer and further decreases in 12-hour dauer.  Statistics are 








Figure S8.  Correction for bleed-through of YFP into RFP channel in Fig. 8 
It was noted that was visible bleed-through of YFP into the RFP channel.  This was not 
observed of other VPC markers used for quantification for other experiments.  To control 
for YFP bleed-through, arTi88[lin-31p::2xNLS::YFP] was imaged alone in L3 VPCs 
using the same DAF-16::zf1::wrmScarlet settings and the total intensity in the red 
channel was plotted against the total intensity in the YFP channel.  Because there was 
no RFP in this strain, the red fluorescence quantified would have been due to YFP 
bleed-through.  The plot is shown here along with the Pearson’s correlation coefficient 
and the linear regression fitted to the scatter plot.  This formula was used to 
approximate the amount of YFP bleed-through into the red channel in Fig. 8 and was 


















Strain Genotype Figure 
GS8764 daf-7 (e1372); lag-1 (ar611); jccTi1 2A, 2C, 2E, 2G, 2I, 2K 
GS9564 arSi59; e1372; jccTi1 2B, 2D, 2F, 2H, 2J, 2L 
GS8911 lag-1 (ar618); arTi253 2M-N 
GS8762 arTi102 lag-1 (ar611); jccTi1 3B-I 
GS9182 lin-12 (ar624); jccTi1 4A-B 
GS9279 daf-7 (e1372) lin-12(ar624); jccTi1 4C-J, S1B-C 
GS9087 sel-8 (ar631); jccTi1 5A-B 
GS9111 sel-8 (ar631) daf-7 (e1372); jccTi1 5C-J 
GS9065 daf-7 (e1372); lag-2 (ar628) 6A-D, 6F-I, S2B-C, S3A-D, SF-I 
GS9003 lag-2 (ar628) 6E, 6J, S2A, S3E, S3J 
GS9047 lag-1 (ar611); arTi112 7A 
GS9354 arSi59; arTi145 7B 
GS9355 arSi60; arTi145 7C 
GS9128 arTi145; lin-12(ar624) 7D 
GS9108 ar631; arTi112 7E 
GS9103 daf-16 (ar620); arTi88; daf-7 (e1372) 8A-D, S4A-D 




















In this work, I explored the regulation of the components of the LIN-12 ternary complex 
required for transcriptional activation of LIN-12 targets.  In C. elegans, the ternary 
complex is composed of LIN-12(intra), LAG-1, and SEL-8.  Regulation of each 
component can affect LIN-12 signal transduction and disruption of their expression can 
produce mutant phenotypes associated with compromise of LIN-12 activity.  My work 
contributes to better understanding how regulation of these components affects and is 
affected by LIN-12 activity. 
 In Chapter 2, I showed that lag-1, the DNA-binding component of the ternary 
complex, is transcriptionally autoregulated by an LBS-rich enhancer located in the intron 
of isoforms lag-1 a/b and the upstream non-coding region of isoforms lag-1 c/d.  
Mutation of the LBSs removes the preferential expression of the enhancer where LIN-12 
signaling is active.  Deletion of the HOT region removes LAG-1 autoregulation and 
~80% of its expression in the VPCs and results in a phenotype reminiscent of lin-12 
hypomorphs.  
 In Chapter 3, I quantified the expression of the ternary complex components 
(LAG-1, LIN-12(intra), and SEL-8) and the LIN-12 ligand LAG-2 in the VPCs during 
dauer entry.  During dauer diapause, VPC signaling that is required for specification is 
“blocked,” but depletion of daf-16 can relieve the “block” to VPC signaling during dauer 
diapause.  I found that LIN-12 signaling and nuclear LIN-12 is initially abrogated during 
the L2d-dauer molt and that this abrogation was not dependent on daf-16 expression, 
whose effects seemed to be specific to maintenance of the block.  The expression of 
the LIN-12 ligand LAG-2 did not correlate with the timing of the loss of LIN-12 activity. 
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4.2 LAG-1 autoregulation 
In C. elegans, the VPCs, somatic gonad, and M-lineage serve as paradigms to 
study LIN-12 signaling.  Of the six VPCs P3.p-P8.p, P5.p and P7.p exhibit high LIN-12 
signaling (2o VPC pattern), laterally activated by LIN-12 ligands (e.g. LAG-2) expressed 
by P6.p (Greenwald, Sternberg, and Horvitz 1983; Chen and Greenwald 2004).  In 
P6.p, EGFR signal transduction (1o VPC pattern) is required for LIN-12 ligand 
expression (Zhang and Greenwald 2011).  In the somatic gonad, LIN-12 signaling is 
high in the VUs and low in the AC (reviewed in (Greenwald and Kovall 2013)), while in 
the M-lineage, LIN-12 signaling is high in the ventral descendants (SM mothers) and 
low in the dorsal descendants (coelomocytes) (Foehr and Liu 2008). 
 In Chapter 2, I used a C-terminal GFP translational fusion to the endogenous lag-
1 locus to first show that LAG-1::GFP protein exhibits preferential expression in cells 
with high LIN-12 signaling in the three paradigms (VPCs, somatic gonad, and M-
lineage).  I further supported this finding with an operonic allele 
lag1::gfp::sl2(acc)::nls::tdTomato::nls, which expresses NLS::tdTomato::NLS from 
endogenous lag-1 transcriptional regulation.   
This autoregulation can be reproduced with an LBS-rich enhancer (which is also 
a high occupancy target (HOT) region) taken from the intron of isoforms lag-1 a/b and 
the upstream non-coding region of isoforms lag-1 c/d.  Mutation of the LBSs removes 
the preferential expression of the enhancer where LIN-12 signaling is active; in the 
VPCs, LBS mutation leads to expression of the enhancer decreasing in P5.p and P7.p, 
whereas in the somatic gonad, expression of the enhancer increases in the AC.  
Deletion of the HOT region removes LAG-1::GFP autoregulation and ~80% of its 
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expression in the VPCs, but does not create a Lag phenotype or significantly disrupt 
LIN-12 signaling; animals exhibit cold-sensitive Pvl and Egl defects with a low level of 
lag-2 misexpression in P5.p and P7.p.   
 Our findings largely implied that transcriptional autoregulation of lag-1 is only 
required for a limited number of C. elegans Notch signaling events.  Moreover, the 
enhancer region only appears to contribute to Notch signaling in the somatic 
reproductive system.  There were no observed defects in the germline or in embryonic 
development of the HOT mutants.  In lin-12(0) mutants, the lack of LIN-12 signal 
transduction causes P5.p and P7.p to acquire 1o VPC fate and resulted in a Pvl 
phenotype.  However, even when LAG-1::GFP expression was greatly depleted in the 
VPCs, 1o VPC mis-specification and the Pvl phenotype was not completely penetrant.  
This would suggest that very low amounts of LAG-1::GFP are sufficient to mediate LIN-
12 signal transduction. 
 Autoregulation of LAG-1 may instead be important for robustness of cell fate 
specification to minimize developmental variation resulting from a large range of 
environmental conditions.  The VPCs have also served as a paradigm to test how cell 
specification remains resistant to such perturbations (Barkoulas et al. 2013; Braendle 
and Felix 2008; Grimbert and Braendle 2014).  Decreasing LIN-3 expression through 
hypormophic alleles still results in adult hermaphrodites without overt misspecification of 
the VPCs (Barkoulas et al. 2013).  It is likely that autoregulation of LAG-1 evolved in 
Caenorhabditis species to help to prevent misspecification of 1o fate across a wide 
variety of environmental and genetic conditions that are not captured by the controlled 
laboratory setting using very genetically pure specimens.   
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4.3 Role of the HOT region 
The HOT region is defined as a 2 kb region of DNA that is consistently pulled 
down in ChIP-seq experiments (p<0.01) (Wreczycka et al. 2019).  In work from Julie 
Ahringer’s lab, it was found that expression of a HOT region resulted in broad 
expression in the head of the larva (Chen et al. 2014).  Our results with both the lag-1 
transcriptional reporter (enhancer) and NLS::tdTomato::NLS expressed from the 
operonic lag-1(ar618) allele are consistent with those findings (Appendix Figs. 1A-C).  I 
noted that transcriptional expression appears to be broader than translational 
expression of lag-1. This would imply that there is significant negative post-
transcriptional regulation of lag-1. 
Despite this broad expression, deletion of the HOT region did not appear to have 
any effects on phenotype or expression outside of the somatic reproductive system.  
This is consistent with findings in D. melanogaster, in which removal of the HOT region 
was found to affect tissue-specific expression of a gene rather than ablate all of the 
expression (Kvon et al. 2012).  It is almost certain that our transgenic transcriptional 
reporter does not fully recapitulate the strength of the endogenous transcriptional 
expression.  To properly investigate the full transcriptional regulation of lag-1 (and 
perhaps extended to any gene), operonic alleles using sl2 will have to be used to drive 
expression.  
 
4.4 Different isoforms of lag-1 
The lag-1 enhancer is located in the intron of lag-1 isoforms a/b and upstream of 
isoforms c/d (see Chapter 2 (Luo, et al. 2020)).  It is unclear which isoform is 
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preferentially used in LIN-12 signaling and whether there may be isoform preference in 
different C. elegans paradigms.  The different isoforms differ primarily in the N-terminal 
regions, which appear to be divergent from other Caenorhabditis species.  The 
exception to this is lag-1 isoform d, for which an ortholog was found in C. tropicalis.   
To test whether there may be tissue-specific stability of different lag-1 isoforms, I 
made a brief attempt to drive expression of lag-1 isoform A (tagged with YFP) with the 
2.7 kb enhancer element.  This construct resulted in extremely dim expression in the 
VPCs, in contrast to the bright expression of the 2xNLS::YFP construct (Appendix 
Figure 2A).   
There may be additional transcriptional sequences missing from the 2.7 kb 
enhancer that would contribute to the strength of the transcriptional activation necessary 
for expression of lag-1 isoform A.  Not only did I fail to see bright expression in the 
VPCs, but I also failed to observe bright expression in the head (Appendix Figure 2B).  
To test this hypothesis, isoform-specific fluorescent tags of lag-1 would need to be 
created, or isoform-specific deletion using CRISPR/Cas9 would need to be generated.  
It should be noted that all isoforms predicted from Wormbase are at least partially 
confirmed through RT-PCR but lack further validation. 
 
4.5 Intron-mediated Enhancement 
The position of the lag-1 enhancer is located such that it functions as a promoter 
for isoforms c/d and as an intronic enhancer for isoforms a/b.  In Arabidopsis spp., it has 
been found that introns located near the 5’ transcriptional start sites (TSS) often can 
enhance expression or intron-mediated enhancement (IME).  IMEs must be within 1 kb 
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of the TSS and downstream of the promoter within the transcribed sequence, and 
multiple active sequences can be found in a single intron (reviewed in (Rose 2019)).   
 Our 2.7 kb enhancer element falls within these criteria and therefore may support 
the presence of an IME required for gene expression.  The discovery of IMEs occurred 
when deletion of the 5’ promoter of a gene with the exception of its TSS did not result in 
appreciable loss of expression.  Instead, deletion of intronic elements led to greater loss 
of expression.  While the lag-1 enhancer that I identified appears to be important for the 
somatic reproductive system, LAG-1 expression and function in many other aspects of 
C. elegans development appeared to be largely unaffected.  Other regions in the first 
intron of lag-1 isoforms a/b are not as well conserved but may also provide 
transcriptional inputs, so sequential deletion using CRISPR/Cas9 from the  intronic 
sequences can better provide insight into which parts of this a/b intron are required for 
expression. 
 
4.6 Comparison of bicistronic approaches 
 In addition to the lag-1(ar618[lag-1::gfp::sl2(acc)::nls::tdTomato::nls]) operonic 
allele, I also made another lag-1(ar617[lag-1::gfp::t2a::nls::tdTomato::nls]) allele that 
uses a 2A ribosome-skipping mechanism.  The 2A peptides were originally discovered 
in the Foot-and-Mouth-Disease virus (Ryan et al. 1999).  These peptides result in a 
ribosome skipping event in which the peptide sequence N-terminal to the ribosome 
complex is released prematurely once the ribosome encounters the 2A sequence (Ryan 
et al. 1999; Atkins et al. 2007).  This produces two separate peptides from a single 
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mRNA transcript.  The T2A is one variant shown to work efficiently in C. elegans 
transgenes (Ahier and Jarriault 2014). 
 In Chapter 2, I noted that the operonic lag-1 allele made using sl2(acc) did not 
produce any discernible phenotypes—no Lag larvae were observed nor were there any 
characteristics associated with hypomorphic Notch phenotypes.  However, the lag-1 
allele made using t2a resulted in a homozygous embryonic lethal mutant.  I rarely 
observed what appeared to be a homozygous animal make it to adulthood, and then lay 
numerous eggs, which never hatched.  The mother was not sequenced, so it is not 
confirmed whether it was truly homozygous.  However, I never encountered this 
phenotype with heterozygous hermaphrodites, whose genotypes were confirmed by a 
mix of LAG-1::GFP(+) and non-LAG-1::GFP(+) progeny. 
 This would suggest that an early and temporal period during which LAG-1 is 
required and/or expressed is adversely affected by the t2a.  I suspect that the 2A 
ribosome skipping event may not be occurring efficiently for mRNA transcripts produced 
from the endogenous locus; instead a single LAG-1::GFP::T2A::NLS::tdTomato::NLS 
peptide may be forming. 
 A separate approach to tag lag-2 endogenously with 2A to form lag-
2::gfp::t2a::nls::tdTomato::nls was created by Justin Shaffer.  While this allele did not 
cause homozygous lethality, the expression of LAG-2::GFP and NLS::tdTomato::NLS 
was not consistent, i.e. some animals would express only visible green fluorescence 
and others would expression only red fluorescence (Justin Shaffer, personal 
communication).  Therefore, I do not recommend the use of the T2A peptide for 





4.7 DAF-16 maintenance vs initiation 
During dauer diapause, the VPCs remain in a quiescent state indefinitely until the 
larvae encounters favorable conditions and re-enters continuous development.  Markers 
of EGFR signaling and LIN-12 signaling are not expressed, even in the presence of 
ectopic drivers.  However, these markers can be activated during dauer by depletion of 
daf-16 expression, either by RNAi or a genetic null. 
In Chapter 3, I used image quantification approaches to analyze GFP-tagged C-
terminal translational fusions of LAG-1, LIN-12, SEL-8, and LAG-2.  I also used the lag-
1 transcriptional reporter arSi59 that I had generated in Chapter 2 to analyze LIN-12 
signaling.  Analysis of LAG-1 and arSi59 suggested that LIN-12 signaling was 
abrogated during the L2d-dauer molt, but treatment with daf-16 RNAi did not result in 
resumption of signaling until early dauer stages.  DAF-16 expression appeared to be 
important for maintenance of blocking LIN-12 signal transduction during dauer diapause 
but not earlier stages.   
When I examined LIN-12::GFP in the nucleus, I saw that nuclear accumulation of 
LIN-12::GFP correlated with my findings of LAG-1::GFP and arSi59 in that daf-16 RNAi 
did not cause any significant change in expression until the dauer stages.  This also 
was true for SEL-8::GFP and even LAG-1::GFP expression in the presence of ectopic 
LIN-12(intraΔP).   
The L2d-dauer molt is not well-characterized molecularly.  Given that in our 
experiments, I used the daf-7(ts) allele to drive dauer formation, it suggests that the 
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events during the L2d-dauer molt are at least partially the result of the DAF-7/TGF-β 
pathway.  Since I also observed that DAF-16 was upregulated in VPC nuclei during the 
L2d-dauer molt, it is also possible that DAF-16 and downstream effectors of DAF-
7/TGF-β may be acting redundantly.  An experiment that could address this hypothesis 
would be to tag DAF-5 or DAF-3 with GFP, which will allow for not only visualization but 
also tissue-specific degradation (using the GFP-nanobody approach) to look for the 
cellular focus (Wang et al. 2017).     
It is not very clear what the mechanisms of DAF-16-mediated repression are.  In 
studies examining longevity, DAF-16 is thought to behave as a direct transcriptional 
activator and instead represses gene expression indirectly through nuclear exclusion of 
another transcriptional activator PQM-1 (Tepper et al. 2013; Schuster et al. 2010).  An 
experiment to test this would be to ectopically express PQM-1 and attempt to force 
nuclear localization in the presence of DAF-16 by using NLSs or by trying to mutate 
residues that may be involved in nuclear exclusion.   
 
4.8 Attempted RNAi screen of mediators of DAF-16 repression 
An attempt to set up an RNAi screen of downstream targets that may mediate 
DAF-16 repression was not successful.  I used daf-7(e1372ts); arTi102[lin-31p::lin-
12(intraΔP)]; arIs116[lst-5p::2xNLS::YFP] nre-1(hd20) lin-15b(hd126).  The nre-1 lin-15b 
is an RNAi sensitizer commonly used to aid in knocking down RNAi targets in RNAi-
resistant tissues such as neurons and VPCs (Schmitz, Kinge, and Hutter 2007).  The 
lin-15b gene is part of the synMuv B group, which includes chromatin modifiers involved 
in gene silencing (Clark, Lu, and Horvitz 1994).  arIs116[lst-5p::2xNLS::YFP] is a 
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multicopy integrated simply array that has been used as a transcriptional reporter for 
LIN-12 activity in continuous and dauer development (Karp and Greenwald 2013; Choi 
2009; Underwood, Deng, and Greenwald 2017).   
I was able to successfully use RNAi such as lin-1(RNAi) to elicit VPC phenotypes 
in daf-7(e1372ts); arTi102[lin-31p::lin-12(intraΔP)]; arIs116[lst-5p::2xNLS::YFP] nre-
1(hd20) lin-15b(hd126).  However, when I used daf-16(RNAi), expression of the LIN-12 
target lst-5 was not expressed (Appendix Figs. 3C-D).   
By contrast, I was able to successfully use daf-16 to cause lst-5 expression in 
dauer diapause when I used a tissue-specific strain that did not include the RNAi 
sensitizer: daf-7(e1372ts); arTi102[lin-31p::lin-12(intraΔP)]; rde-1(0); arIs116[lst-
5p::2xNLS::YFP] arTi106[lin-31p::rde-1] (Appendix Figs. 3A-B).  In this strain, rde-1 
encodes an Argonaute protein required for RNAi knockdown, and the null is rescued 
specifically in the VPCs by arTi106.  I do not know whether the reason for the failure of 
daf-16(RNAi) to work is because the sensitizer suppressed the effects of daf-16(RNAi) 
or whether the sensitizer simply dimmed arIs116 to the degree that when it became 
expressed, it was not visible to the eye.   Future approaches to screening mediators of 
targets of DAF-16 will need to take into account that RNAi sensitizers such as nre-1 lin-
15b may produce unintended silencing effects.   
 
4.9 LAG-2 expression and block to LIN-12 signaling 
LIN-12/Notch is activated by binding of a membrane-bound ligand on an adjacent 
cell.  LIN-12/Notch ligands include APX-1, LAG-2, and DSL-1.  Binding triggers a 
cleavage event by a matrix metalloprotease (SUP-17/Kuzbanian/ADAM10) of the S2 
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cleavage site located in the ectodomain of LIN-12/Notch.  S2 cleavage exposes a 
second S3 cleavage site in the transmembrane domain that is then cleaved by the 
presenilin complex and releases the LIN-12/Notch intracellular domain (LIN-12(intra)).  
Once freed LIN-12(intra) translocates to the nucleus where it forms a ternary complex 
with LAG-1 and SEL-8 and activates transcription of targets (reviewed in (Greenwald 
and Kovall 2013)).  
In chapter 3, I found that ectopic expression LIN-12(intraΔP) in the VPCs led to 
increased expression of LAG-1::GFP at all stages of dauer entry.  It appears that lack of 
LIN-12(intra) in VPC nuclei is contributing at least partly to the inhibition of LIN-12 
signaling during dauer and dauer formation.  If any step along the LIN-12 activation 
process is compromised, including transcription of lin-12, then it can affect whether LIN-
12 is localized in the nucleus to form the ternary complex. 
One potential reason for the lack of nuclear LIN-12 is low ligand activation of LIN-
12 transmembrane receptor.  I found, however, that there appeared to be significant 
amounts of LAG-2 localized on the P6.p apical membrane during periods in no LIN-12 
activity nor nuclear LIN-12::GFP was quantified.  Moreover, LAG-2 expression seemed 
to be low in conditions during which LIN-12 signaling is relieved by daf-16 RNAi.   
A fundamental thing to check would be expression of LIN-12.  This can be 
achieved by reproducing the operonic allele strategy described for lag-1 and lag-2.  A 
lin-12::gfp::sl2(acc)::nls::tdTomato::nls could be generated with CRISPR/Cas9, and 
NLS::tdTomato::NLS could be monitored for changes in transcription.  A cytoplasmic 
marker could also be used to delineate the boundaries of each VPC and therefore 
translated LIN-12::GFP in the entirety of the cell can also be quantified.  Apical 
161 
 
membrane expression could also be quantified in the same manner by using an apical 
membrane marker.   
LIN-12(full-length) and LIN-12(intra) could also be expressed ectopically in the 
VPCs using lin-31 during the L2d-dauer molt to see whether this can bypass the 
initiation to the block.  The former would inform whether there are defects in activation 













Ahier, A., and S. Jarriault. 2014. 'Simultaneous expression of multiple proteins under a single promoter 
in Caenorhabditis elegans via a versatile 2A-based toolkit', Genetics, 196: 605-13. 
Artoni, F., R. E. Kreipke, O. Palmeira, C. Dixon, Z. Goldberg, and H. Ruohola-Baker. 2017. 'Loss of foxo 
rescues stem cell aging in Drosophila germ line', Elife, 6. 
Atkins, J. F., N. M. Wills, G. Loughran, C. Y. Wu, K. Parsawar, M. D. Ryan, C. H. Wang, and C. C. Nelson. 
2007. 'A case for "StopGo'': Reprogramming translation to augment codon meaning of GGN by 
promoting unconventional termination (Stop) after addition of glycine and then allowing 
continued translation (Go)', Rna-a Publication of the Rna Society, 13: 803-10. 
Attner, M. A., W. Keil, J. M. Benavidez, and I. Greenwald. 2019. 'HLH-2/E2A Expression Links Stochastic 
and Deterministic Elements of a Cell Fate Decision during C. elegans Gonadogenesis', Curr Biol, 
29: 3094-100 e4. 
Bailey, A. M., and J. W. Posakony. 1995. 'Suppressor of hairless directly activates transcription of 
enhancer of split complex genes in response to Notch receptor activity', Genes Dev, 9: 2609-22. 
Barkoulas, M., J. S. van Zon, J. Milloz, A. van Oudenaarden, and M. A. Felix. 2013. 'Robustness and 
epistasis in the C. elegans vulval signaling network revealed by pathway dosage modulation', 
Dev Cell, 24: 64-75. 
Barolo, S., T. Stone, A. G. Bang, and J. W. Posakony. 2002. 'Default repression and Notch signaling: 
Hairless acts as an adaptor to recruit the corepressors Groucho and dCtBP to Suppressor of 
Hairless', Genes Dev, 16: 1964-76. 
Barolo, S., R. G. Walker, A. D. Polyanovsky, G. Freschi, T. Keil, and J. W. Posakony. 2000. 'A notch-
independent activity of suppressor of hairless is required for normal mechanoreceptor 
physiology', Cell, 103: 957-69. 
Becskei, A., and L. Serrano. 2000. 'Engineering stability in gene networks by autoregulation', Nature, 
405: 590-3. 
Berdichevsky, A., M. Viswanathan, H. R. Horvitz, and L. Guarente. 2006. 'C. elegans SIR-2.1 interacts with 
14-3-3 proteins to activate DAF-16 and extend life span', Cell, 125: 1165-77. 
Berset, T. A., E. F. Hoier, and A. Hajnal. 2005. 'The C. elegans homolog of the mammalian tumor 
suppressor Dep-1/Scc1 inhibits EGFR signaling to regulate binary cell fate decisions', Genes Dev, 
19: 1328-40. 
Berset, T., E. F. Hoier, G. Battu, S. Canevascini, and A. Hajnal. 2001. 'Notch inhibition of RAS signaling 
through MAP kinase phosphatase LIP-1 during C. elegans vulval development', Science, 291: 
1055-8. 
Blumenthal, T. 2012. 'Trans-splicing and operons in C. elegans', WormBook: 1-11. 
Braendle, C., and M. A. Felix. 2008. 'Plasticity and errors of a robust developmental system in different 
environments', Dev Cell, 15: 714-24. 
Bray, S. J. 2006. 'Notch signalling: a simple pathway becomes complex', Nature Reviews Molecular Cell 
Biology, 7: 678-89. 
Carpenter, A. E., T. R. Jones, M. R. Lamprecht, C. Clarke, I. H. Kang, O. Friman, D. A. Guertin, J. H. Chang, 
R. A. Lindquist, J. Moffat, P. Golland, and D. M. Sabatini. 2006. 'CellProfiler: image analysis 
software for identifying and quantifying cell phenotypes', Genome Biol, 7: R100. 
Cassada, R. C., and R. L. Russell. 1975. 'Dauerlarva, a Post-Embryonic Developmental Variant of 
Nematode Caenorhabditis-Elegans', Developmental Biology, 46: 326-42. 
Castel, D., P. Mourikis, S. J. Bartels, A. B. Brinkman, S. Tajbakhsh, and H. G. Stunnenberg. 2013. 'Dynamic 
binding of RBPJ is determined by Notch signaling status', Genes Dev, 27: 1059-71. 
163 
 
Cave, J. W., F. Loh, J. W. Surpris, L. Xia, and M. A. Caudy. 2005. 'A DNA transcription code for cell-specific 
gene activation by notch signaling', Curr Biol, 15: 94-104. 
Cave, J. W., L. Xia, and M. Caudy. 2011. 'Differential Regulation of Transcription through Distinct 
Suppressor of Hairless DNA Binding Site Architectures during Notch Signaling in Proneural 
Clusters', Mol Cell Biol, 31: 22-29. 
Chan, S. K. K., G. Cerda-Moya, R. Stojnic, K. Millen, B. Fischer, S. Fexova, L. Skalska, M. Gomez-Lamarca, 
Z. Pillidge, S. Russell, and S. J. Bray. 2017. 'Role of co-repressor genomic landscapes in shaping 
the Notch response', PLoS Genet, 13: e1007096. 
Chen, J., A. Mohammad, N. Pazdernik, H. Huang, B. Bowman, E. Tycksen, and T. Schedl. 2020. 'GLP-1 
Notch-LAG-1 CSL control of the germline stem cell fate is mediated by transcriptional targets lst-
1 and sygl-1', PLoS Genet, 16: e1008650. 
Chen, N., and I. Greenwald. 2004. 'The lateral signal for LIN-12/Notch in C. elegans vulval development 
comprises redundant secreted and transmembrane DSL proteins', Dev Cell, 6: 183-92. 
Chen, R. A., P. Stempor, T. A. Down, E. Zeiser, S. K. Feuer, and J. Ahringer. 2014. 'Extreme HOT regions 
are CpG-dense promoters in C. elegans and humans', Genome Res, 24: 1138-46. 
Choi, M.S. 2009. 'Genes that act in specification of the vulval secondary fate in Caenorhabditis elegans', 
Unpublished Doctoral thesis, Columbia University. 
Choi, V. N., S. K. Park, and B. J. Hwang. 2013. 'Clustered LAG-1 binding sites in lag-1/CSL are involved in 
regulating lag-1 expression during lin-12/Notch-dependent cell-fate specification', BMB Rep, 46: 
219-24. 
Christensen, S., V. Kodoyianni, M. Bosenberg, L. Friedman, and J. Kimble. 1996. 'lag-1, a gene required 
for lin-12 and glp-1 signaling in Caenorhabditis elegans, is homologous to human CBF1 and 
Drosophila Su(H)', Development, 122: 1373-83. 
Clark, S. G., X. W. Lu, and H. R. Horvitz. 1994. 'The Caenorhabditis-Elegans Locus Lin-15, a Negative 
Regulator of a Tyrosine Kinase Signaling Pathway, Encodes 2 Different Proteins', Genetics, 137: 
987-97. 
Clayton, J. E., S. J. L. van den Heuvel, and R. M. Saito. 2008. 'Transcriptional control of cell-cycle 
quiescence during C. elegans development', Developmental Biology, 313: 603-13. 
Consortium, Encode Project. 2012. 'An integrated encyclopedia of DNA elements in the human genome', 
Nature, 489: 57-74. 
Contreras-Cornejo, H., G. Saucedo-Correa, J. Oviedo-Boyso, J. J. Valdez-Alarcon, V. M. Baizabal-Aguirre, 
M. Cajero-Juarez, and A. Bravo-Patino. 2016. 'The CSL proteins, versatile transcription factors 
and context dependent corepressors of the notch signaling pathway', Cell Div, 11: 12. 
de la Cova, C., and I. Greenwald. 2012. 'SEL-10/Fbw7-dependent negative feedback regulation of LIN-
45/Braf signaling in C. elegans via a conserved phosphodegron', Genes Dev, 26: 2524-35. 
de la Cova, C., R. Townley, S. Regot, and I. Greenwald. 2017. 'A Real-Time Biosensor for ERK Activity 
Reveals Signaling Dynamics during C. elegans Cell Fate Specification', Dev Cell, 42: 542-53 e4. 
Deng, Y., and I. Greenwald. 2016. 'Determinants in the LIN-12/Notch Intracellular Domain That Govern 
Its Activity and Stability During Caenorhabditis elegans Vulval Development', G3 (Bethesda). 
Dexter, J. S. 1914. 'The analysis of a case of continuous variation in Drosophila by a study of its linkage 
relations', American Naturalist, 48: 712-58. 
Dickinson, D. J., A. M. Pani, J. K. Heppert, C. D. Higgins, and B. Goldstein. 2015. 'Streamlined Genome 
Engineering with a Self-Excising Drug Selection Cassette', Genetics, 200: 1035-49. 
Dokshin, G. A., K. S. Ghanta, K. M. Piscopo, and C. C. Mello. 2018. 'Robust Genome Editing with Short 
Single-Stranded and Long, Partially Single-Stranded DNA Donors in Caenorhabditis elegans', 
Genetics, 210: 781-87. 
Doyle, T. G., C. Wen, and I. Greenwald. 2000. 'SEL-8, a nuclear protein required for LIN-12 and GLP-1 
signaling in Caenorhabditis elegans', Proc Natl Acad Sci U S A, 97: 7877-81. 
164 
 
Euling, S., and V. Ambros. 1996. 'Reversal of cell fate determination in Caenorhabditis elegans vulval 
development', Development, 122: 2507-15. 
Falo-Sanjuan, J., and S. J. Bray. 2020. 'Decoding the Notch signal', Development Growth & 
Differentiation, 62: 4-14. 
Felix, M. A., and A. Wagner. 2008. 'Robustness and evolution: concepts, insights and challenges from a 
developmental model system', Heredity (Edinb), 100: 132-40. 
Fielenbach, N., and A. Antebi. 2008. 'C-elegans dauer formation and the molecular basis of plasticity', 
Genes Dev, 22: 2149-65. 
Foehr, M. L., and J. Liu. 2008. 'Dorsoventral patterning of the C. elegans postembryonic mesoderm 
requires both LIN-12/Notch and TGFbeta signaling', Dev Biol, 313: 256-66. 
Frokjaer-Jensen, C., M. W. Davis, M. Sarov, J. Taylor, S. Flibotte, M. LaBella, A. Pozniakovsky, D. G. 
Moerman, and E. M. Jorgensen. 2014. 'Random and targeted transgene insertion in 
Caenorhabditis elegans using a modified Mos1 transposon', Nat Methods, 11: 529-34. 
Fryer, C. J., E. Lamar, I. Turbachova, C. Kintner, and K. A. Jones. 2002. 'Mastermind mediates chromatin-
specific transcription and turnover of the Notch enhancer complex', Genes Dev, 16: 1397-411. 
Fryer, C. J., J. B. White, and K. A. Jones. 2004. 'Mastermind recruits CycC : CDK8 to phosphorylate the 
notch ICD and coordinate activation with turnover', Molecular Cell, 16: 509-20. 
Furriols, M., and S. Bray. 2001. 'A model Notch response element detects Suppressor of Hairless-
dependent molecular switch', Current Biology, 11: 60-64. 
Gibson, D. G. 2011. 'Enzymatic assembly of overlapping DNA fragments', Methods Enzymol, 498: 349-61. 
Go, M. J., D. S. Eastman, and S. Artavanis-Tsakonas. 1998. 'Cell proliferation control by Notch signaling in 
Drosophila development', Development, 125: 2031-40. 
Golden, J. W., and D. L. Riddle. 1984. 'The Caenorhabditis-Elegans Dauer Larva - Developmental Effects 
of Pheromone, Food, and Temperature', Developmental Biology, 102: 368-78. 
Greenwald, I. 1985. 'Lin-12, a Nematode Homeotic Gene, Is Homologous to a Set of Mammalian Proteins 
That Includes Epidermal Growth-Factor', Cell, 43: 583-90. 
———. 2012. 'Notch and the awesome power of genetics', Genetics, 191: 655-69. 
Greenwald, I., and R. Kovall. 2013. 'Notch signaling: genetics and structure', WormBook: 1-28. 
Greenwald, I. S., P. W. Sternberg, and H. R. Horvitz. 1983. 'The lin-12 locus specifies cell fates in 
Caenorhabditis elegans', Cell, 34: 435-44. 
Greenwald, I., and G. Seydoux. 1990. 'Analysis of gain-of-function mutations of the lin-12 gene of 
Caenorhabditis elegans', Nature, 346: 197-9. 
Gridley, T., and A. K. Groves. 2014. 'Overview of Genetic Tools and Techniques to Study Notch Signaling 
in Mice', Notch Signaling: Methods and Protocols, 1187: 47-62. 
Grimbert, S., and C. Braendle. 2014. 'Cryptic genetic variation uncovers evolution of environmentally 
sensitive parameters in Caenorhabditis vulval development', Evol Dev, 16: 278-91. 
Gunther, C. V., L. L. Georgi, and D. L. Riddle. 2000. 'A Caenorhabditis elegans type I TGF beta receptor 
can function in the absence of type II kinase to promote larval development', Development, 127: 
3337-47. 
Hale, J. J., N. M. Amin, C. George, Z. Via, H. Shi, and J. Liu. 2014. 'A role of the LIN-12/Notch signaling 
pathway in diversifying the non-striated egg-laying muscles in C. elegans', Dev Biol, 389: 137-48. 
Hall, S. E., M. Beverly, C. Russ, C. Nusbaum, and P. Sengupta. 2010. 'A cellular memory of developmental 
history generates phenotypic diversity in C. elegans', Curr Biol, 20: 149-55. 
Hall, S. E., G. W. Chirn, N. C. Lau, and P. Sengupta. 2013. 'RNAi pathways contribute to developmental 
history-dependent phenotypic plasticity in C. elegans', RNA, 19: 306-19. 
Heitzler, P., M. Bourouis, L. Ruel, C. Carteret, and P. Simpson. 1996. 'Genes of the enhancer of split and 
achaete-scute complexes are required for a regulatory loop between Notch and Delta during 
lateral signalling in Drosophila', Development, 122: 161-71. 
165 
 
Hill, R. J., and P. W. Sternberg. 1992. 'The Gene Lin-3 Encodes an Inductive Signal for Vulvar 
Development in C-Elegans', Nature, 358: 470-76. 
Hsieh, J. J. D., and S. D. Hayward. 1995. 'Masking of the Cbf1/Rbpj(Kappa) Transcriptional Repression 
Domain by Epstein-Barr-Virus Ebna2', Science, 268: 560-63. 
Hsieh, J. J. D., T. Henkel, P. Salmon, E. Robey, M. G. Peterson, and S. D. Hayward. 1996. 'Truncated 
mammalian Notch1 activates CBF1/RBPJk-repressed genes by a mechanism resembling that of 
Epstein-Barr virus EBNA2', Mol Cell Biol, 16: 952-59. 
Hu, P. J. 2007. 'Dauer', WormBook: 1-19. 
Hubbard, E. J. A., G. Y. Wu, J. Kitajewski, and I. Greenwald. 1997. 'sel-10 a negative regulator of lin-12 
activity in Caenorhabditis elegans, encodes a member of the CDC4 family of proteins', Genes 
Dev, 11: 3182-93. 
Jain, D., S. Baldi, A. Zabel, T. Straub, and P. B. Becker. 2015. 'Active promoters give rise to false positive 
'Phantom Peaks' in ChIP-seq experiments', Nucleic Acids Res, 43: 6959-68. 
Jarriault, S., C. Brou, F. Logeat, E. H. Schroeter, R. Kopan, and A. Israel. 1995. 'Signaling Downstream of 
Activated Mammalian Notch', Nature, 377: 355-58. 
Jeffries, S., D. J. Robbins, and A. J. Capobianco. 2002. 'Characterization of a high-molecular-weight Notch 
complex in the nucleus of Notch(ic)-transformed RKE cells and in a human T-cell leukemia cell 
line', Mol Cell Biol, 22: 3927-41. 
Karp, X. 2018. 'Working with dauer larvae', WormBook, 2018: 1-19. 
Karp, X., and I. Greenwald. 2003. 'Post-transcriptional regulation of the E/Daughterless ortholog HLH-2, 
negative feedback, and birth order bias during the AC/VU decision in C. elegans', Genes Dev, 17: 
3100-11. 
———. 2013. 'Control of cell-fate plasticity and maintenance of multipotency by DAF-16/FoxO in 
quiescent Caenorhabditis elegans', Proc Natl Acad Sci U S A, 110: 2181-6. 
Kent, W. J. 2002. 'BLAT--the BLAST-like alignment tool', Genome Res, 12: 656-64. 
Kershner, A. M., H. Shin, T. J. Hansen, and J. Kimble. 2014. 'Discovery of two GLP-1/Notch target genes 
that account for the role of GLP-1/Notch signaling in stem cell maintenance', Proc Natl Acad Sci 
U S A, 111: 3739-44. 
Kienle, S., and R. J. Sommer. 2013. 'Cryptic variation in vulva development by cis-regulatory evolution of 
a HAIRY-binding site', Nat Commun, 4: 1714. 
Kim, H., T. Ishidate, K. S. Ghanta, M. Seth, D. Conte, Jr., M. Shirayama, and C. C. Mello. 2014. 'A co-
CRISPR strategy for efficient genome editing in Caenorhabditis elegans', Genetics, 197: 1069-80. 
Kimble, J., and D. Hirsh. 1979. 'The postembryonic cell lineages of the hermaphrodite and male gonads 
in Caenorhabditis elegans', Dev Biol, 70: 396-417. 
Kovall, R. A. 2007. 'Structures of CSL, Notch and Mastermind proteins: piecing together an active 
transcription complex', Curr Opin Struct Biol, 17: 117-27. 
Kovall, R. A., and W. A. Hendrickson. 2004. 'Crystal structure of the nuclear effector of Notch signaling, 
CSL, bound to DNA', Embo Journal, 23: 3441-51. 
Krejci, A., and S. Bray. 2007. 'Notch activation stimulates transient and selective binding of Su(H)/CSL to 
target enhancers', Genes Dev, 21: 1322-7. 
Kvon, E. Z., G. Stampfel, J. O. Yanez-Cuna, B. J. Dickson, and A. Stark. 2012. 'HOT regions function as 
patterned developmental enhancers and have a distinct cis-regulatory signature', Genes Dev, 26: 
908-13. 
Lai, E. C. 2002. 'Keeping a good pathway down: transcriptional repression of Notch pathway target genes 
by CSL proteins', EMBO Rep, 3: 840-5. 
Lai, E. C., R. Bodner, J. Kavaler, G. Freschi, and J. W. Posakony. 2000. 'Antagonism of notch signaling 
activity by members of a novel protein family encoded by the bearded and enhancer of split 
gene complexes', Development, 127: 291-306. 
166 
 
Lai, E. C., R. Bodner, and J. W. Posakony. 2000. 'The enhancer of split complex of Drosophila includes 
four Notch-regulated members of the bearded gene family', Development, 127: 3441-55. 
Lambie, E. J., and J. Kimble. 1991. 'Two homologous regulatory genes, lin-12 and glp-1, have overlapping 
functions', Development, 112: 231-40. 
Lecourtois, M., and F. Schweisguth. 1995. 'The neurogenic suppressor of hairless DNA-binding protein 
mediates the transcriptional activation of the enhancer of split complex genes triggered by 
Notch signaling', Genes Dev, 9: 2598-608. 
Lee, R. Y., J. Hench, and G. Ruvkun. 2001. 'Regulation of C. elegans DAF-16 and its human ortholog 
FKHRL1 by the daf-2 insulin-like signaling pathway', Curr Biol, 11: 1950-7. 
Lee, S. S., S. Kennedy, A. C. Tolonen, and G. Ruvkun. 2003. 'DAF-16 target genes that control C. elegans 
life-span and metabolism', Science, 300: 644-7. 
Leyva-Diaz, E., N. Stefanakis, I. Carrera, L. Glenwinkel, G. Q. Wang, M. Driscoll, and O. Hobert. 2017. 
'Silencing of Repetitive DNA Is Controlled by a Member of an Unusual Caenorhabditis elegans 
Gene Family', Genetics, 207: 529-45. 
Li, J., and I. Greenwald. 2010. 'LIN-14 inhibition of LIN-12 contributes to precision and timing of C. 
elegans vulval fate patterning', Curr Biol, 20: 1875-9. 
Li, Ji. 2011. 'Temporal control of Vulval Precursor Cell fate patterning in Caenorhabditis elegans', 
Columbia University. 
Libina, N., J. R. Berman, and C. Kenyon. 2003. 'Tissue-specific activities of C. elegans DAF-16 in the 
regulation of lifespan', Cell, 115: 489-502. 
Lin, K., J. B. Dorman, A. Rodan, and C. Kenyon. 1997. 'daf-16: An HNF-3/forkhead family member that 
can function to double the life-span of Caenorhabditis elegans', Science, 278: 1319-22. 
Lin, K., H. Hsin, N. Libina, and C. Kenyon. 2001. 'Regulation of the Caenorhabditis elegans longevity 
protein DAF-16 by insulin/IGF-1 and germline signaling', Nat Genet, 28: 139-45. 
Liu, F., and J. W. Posakony. 2014. 'An enhancer composed of interlocking submodules controls 
transcriptional autoregulation of suppressor of hairless', Dev Cell, 29: 88-101. 
Maier, D. 2006. 'Hairless: the ignored antagonist of the Notch signalling pathway', Hereditas, 143: 212-
21. 
Mango, S. E., E. M. Maine, and J. Kimble. 1991. 'Carboxy-Terminal Truncation Activates Glp-1 Protein to 
Specify Vulvar Fates in Caenorhabditis-Elegans', Nature, 352: 811-15. 
Mizutani, K., K. Yoon, L. Dang, A. Tokunaga, and N. Gaiano. 2007. 'Differential Notch signalling 
distinguishes neural stem cells from intermediate progenitors', Nature, 449: 351-+. 
mod, Encode Consortium, S. Roy, J. Ernst, P. V. Kharchenko, P. Kheradpour, N. Negre, M. L. Eaton, J. M. 
Landolin, C. A. Bristow, L. Ma, M. F. Lin, S. Washietl, B. I. Arshinoff, F. Ay, P. E. Meyer, N. Robine, 
N. L. Washington, L. Di Stefano, E. Berezikov, C. D. Brown, R. Candeias, J. W. Carlson, A. Carr, I. 
Jungreis, D. Marbach, R. Sealfon, M. Y. Tolstorukov, S. Will, A. A. Alekseyenko, C. Artieri, B. W. 
Booth, A. N. Brooks, Q. Dai, C. A. Davis, M. O. Duff, X. Feng, A. A. Gorchakov, T. Gu, J. G. 
Henikoff, P. Kapranov, R. Li, H. K. MacAlpine, J. Malone, A. Minoda, J. Nordman, K. Okamura, M. 
Perry, S. K. Powell, N. C. Riddle, A. Sakai, A. Samsonova, J. E. Sandler, Y. B. Schwartz, N. Sher, R. 
Spokony, D. Sturgill, M. van Baren, K. H. Wan, L. Yang, C. Yu, E. Feingold, P. Good, M. Guyer, R. 
Lowdon, K. Ahmad, J. Andrews, B. Berger, S. E. Brenner, M. R. Brent, L. Cherbas, S. C. Elgin, T. R. 
Gingeras, R. Grossman, R. A. Hoskins, T. C. Kaufman, W. Kent, M. I. Kuroda, T. Orr-Weaver, N. 
Perrimon, V. Pirrotta, J. W. Posakony, B. Ren, S. Russell, P. Cherbas, B. R. Graveley, S. Lewis, G. 
Micklem, B. Oliver, P. J. Park, S. E. Celniker, S. Henikoff, G. H. Karpen, E. C. Lai, D. M. MacAlpine, 
L. D. Stein, K. P. White, and M. Kellis. 2010. 'Identification of functional elements and regulatory 
circuits by Drosophila modENCODE', Science, 330: 1787-97. 
167 
 
Moorman, C., L. V. Sun, J. B. Wang, E. de Wit, W. Talhout, L. D. Ward, F. Greil, X. J. Lu, K. P. White, H. J. 
Bussemaker, and B. van Steensel. 2006. 'Hotspots of transcription factor colocalization in the 
genome of Drosophila melanogaster', Proc Natl Acad Sci U S A, 103: 12027-32. 
Morel, V., and F. Schweisguth. 2000. 'Repression by suppressor of hairless and activation by Notch are 
required to define a single row of single-minded expressing cells in the Drosophila embryo', 
Genes Dev, 14: 377-88. 
Morgan, T. H. 1917. 'The theory of the gene', American Naturalist, 51: 513-44. 
Murphy, C. T., S. A. McCarroll, C. I. Bargmann, A. Fraser, R. S. Kamath, J. Ahringer, H. Li, and C. Kenyon. 
2003a. 'Genes that act downstream of DAF-16 to influence the lifespan of Caenorhabditis 
elegans', Nature, 424: 277-84. 
———. 2003b. 'Genes that act downstream of DAF-16 to influence the lifespan of Caenorhabditis 
elegans', Nature, 424: 277-83. 
Nellesen, D. T., E. C. Lai, and J. W. Posakony. 1999. 'Discrete enhancer elements mediate selective 
responsiveness of enhancer of split complex genes to common transcriptional activators', Dev 
Biol, 213: 33-53. 
Neves, A., K. English, and J. R. Priess. 2007. 'Notch-GATA synergy promotes endoderm-specific 
expression of ref-1 in C. elegans', Development, 134: 4459-68. 
Ogg, S., S. Paradis, S. Gottlieb, G. I. Patterson, L. Lee, H. A. Tissenbaum, and G. Ruvkun. 1997. 'The Fork 
head transcription factor DAF-16 transduces insulin-like metabolic and longevity signals in C. 
elegans', Nature, 389: 994-9. 
Pani, A. M., and B. Goldstein. 2018. 'Direct visualization of a native Wnt in vivo reveals that a long-range 
Wnt gradient forms by extracellular dispersal', Elife, 7. 
Petcherski, A. G., and J. Kimble. 2000. 'LAG-3 is a putative transcriptional activator in the C. elegans 
Notch pathway', Nature, 405: 364-8. 
Pillidge, Z., and S. J. Bray. 2019. 'SWI/SNF chromatin remodeling controls Notch-responsive enhancer 
accessibility', EMBO Rep, 20. 
Regot, S., J. J. Hughey, B. T. Bajar, S. Carrasco, and M. W. Covert. 2014. 'High-sensitivity measurements 
of multiple kinase activities in live single cells', Cell, 157: 1724-34. 
Roiz, D., J. M. Escobar-Restrepo, P. Leu, and A. Hajnal. 2016. 'The C. elegans hox gene lin-39 controls cell 
cycle progression during vulval development', Dev Biol, 418: 124-34. 
Rose, A. B. 2019. 'Introns as Gene Regulators: A Brick on the Accelerator', Frontiers in Genetics, 9. 
Ryan, M. D., M. Donnelly, A. Lewis, A. P. Mehrotra, J. Wilkie, and D. Gani. 1999. 'A model for 
nonstoichiometric, cotranslational protein scission in eukaryotic ribosomes', Bioorganic 
Chemistry, 27: 55-79. 
Sallee, M. D., T. Aydin, and I. Greenwald. 2015. 'Influences of LIN-12/Notch and POP-1/TCF on the 
Robustness of Ventral Uterine Cell Fate Specification in Caenorhabditis elegans Gonadogenesis', 
G3 (Bethesda), 5: 2775-82. 
Sallee, M. D., and I. Greenwald. 2015. 'Dimerization-driven degradation of C. elegans and human E 
proteins', Genes Dev, 29: 1356-61. 
Sallee, M. D., H. E. Littleford, and I. Greenwald. 2017. 'A bHLH Code for Sexually Dimorphic Form and 
Function of the C. elegans Somatic Gonad', Curr Biol, 27: 1853-60 e5. 
Sarov, M., J. I. Murray, K. Schanze, A. Pozniakovski, W. Niu, K. Angermann, S. Hasse, M. Rupprecht, E. 
Vinis, M. Tinney, E. Preston, A. Zinke, S. Enst, T. Teichgraber, J. Janette, K. Reis, S. Janosch, S. 
Schloissnig, R. K. Ejsmont, C. Slightam, X. Xu, S. K. Kim, V. Reinke, A. F. Stewart, M. Snyder, R. H. 
Waterston, and A. A. Hyman. 2012. 'A genome-scale resource for in vivo tag-based protein 
function exploration in C. elegans', Cell, 150: 855-66. 
Schindler, A. J., and D. R. Sherwood. 2013. 'Morphogenesis of the Caenorhabditis elegans vulva', Wiley 
Interdisciplinary Reviews-Developmental Biology, 2: 75-95. 
168 
 
Schmitz, C., P. Kinge, and H. Hutter. 2007. 'Axon guidance genes identified in a large-scale RNAi screen 
using the RNAi-hypersensitive Caenorhabditis elegans strain nre-1(hd20) lin-15b(hd126)', Proc 
Natl Acad Sci U S A, 104: 834-9. 
Schuster, E., J. J. McElwee, J. M. Tullet, R. Doonan, F. Matthijssens, J. S. Reece-Hoyes, I. A. Hope, J. R. 
Vanfleteren, J. M. Thornton, and D. Gems. 2010. 'DamID in C. elegans reveals longevity-
associated targets of DAF-16/FoxO', Mol Syst Biol, 6: 399. 
Seydoux, G., and I. Greenwald. 1989. 'Cell Autonomy of Lin-12 Function in a Cell Fate Decision in C-
Elegans', Cell, 57: 1237-45. 
Shaye, D. D., and I. Greenwald. 2002. 'Endocytosis-mediated downregulation of LIN-12/Notch upon Ras 
activation in Caenorhabditis elegans', Nature, 420: 686-90. 
Shen, Q., H. Shi, C. Tian, V. Ghai, and J. Liu. 2017. 'The C. elegans Spalt-like protein SEM-4 functions 
through the SoxC transcription factor SEM-2 to promote a proliferative blast cell fate in the 
postembryonic mesoderm', Dev Biol, 429: 335-42. 
Skalska, L., R. Stojnic, J. Li, B. Fischer, G. Cerda-Moya, H. Sakai, S. Tajbakhsh, S. Russell, B. Adryan, and S. 
J. Bray. 2015. 'Chromatin signatures at Notch-regulated enhancers reveal large-scale changes in 
H3K56ac upon activation', EMBO J, 34: 1889-904. 
Souilhol, C., S. Cormier, M. Monet, S. Vandormael-Pournin, A. Joutel, C. Babinet, and M. Cohen-
Tannoudji. 2006. 'NAS transgenic mouse line allows visualization of Notch pathway activity in 
vivo', Genesis, 44: 277-86. 
Sternberg, P. W. 2005. 'Vulval development', WormBook: 1-28. 
Stetak, A., E. F. Hoier, A. Croce, G. Cassata, P. P. Di Fiore, and A. Hajnal. 2006. 'Cell fate-specific 
regulation of EGF receptor trafficking during Caenorhabditis elegans vulval development', EMBO 
J, 25: 2347-57. 
Struhl, G., and A. Adachi. 1998. 'Nuclear access and action of notch in vivo', Cell, 93: 649-60. 
———. 2000. 'Requirements for presenilin-dependent cleavage of notch and other transmembrane 
proteins', Molecular Cell, 6: 625-36. 
Struhl, G., and I. Greenwald. 1999. 'Presenilin is required for activity and nuclear access of Notch in 
Drosophila', Nature, 398: 522-25. 
———. 2001. 'Presenilin-mediated transmembrane cleavage is required for Notch signal transduction in 
Drosophila', Proc Natl Acad Sci U S A, 98: 229-34. 
Sundaram, M., and I. Greenwald. 1993a. 'Genetic and phenotypic studies of hypomorphic lin-12 mutants 
in Caenorhabditis elegans', Genetics, 135: 755-63. 
———. 1993b. 'Suppressors of a Lin-12 Hypomorph Define Genes That Interact with Both Lin-12 and 
Glp-1 in Caenorhabditis-Elegans', Genetics, 135: 765-83. 
Takacs-Vellai, K., T. Vellai, E. B. Chen, Y. Zhang, F. Guerry, M. J. Stern, and F. Muller. 2007. 
'Transcriptional control of Notch signaling by a HOX and a PBX/EXD protein during vulval 
development in C. elegans', Dev Biol, 302: 661-9. 
Tax, F. E., J. H. Thomas, E. L. Ferguson, and H. R. Horvitz. 1997. 'Identification and characterization of 
genes that interact with lin-12 in Caenorhabditis elegans', Genetics, 147: 1675-95. 
Tenen, C. C., and I. Greenwald. 2019. 'Cell Non-autonomous Function of daf-18/PTEN in the Somatic 
Gonad Coordinates Somatic Gonad and Germline Development in C. elegans Dauer Larvae', Curr 
Biol, 29: 1064-72 e8. 
Tepper, R. G., J. Ashraf, R. Kaletsky, G. Kleemann, C. T. Murphy, and H. J. Bussemaker. 2013. 'PQM-1 
complements DAF-16 as a key transcriptional regulator of DAF-2-mediated development and 
longevity', Cell, 154: 676-90. 
Teytelman, L., D. M. Thurtle, J. Rine, and A. van Oudenaarden. 2013. 'Highly expressed loci are 
vulnerable to misleading ChIP localization of multiple unrelated proteins', Proc Natl Acad Sci U S 
A, 110: 18602-7. 
169 
 
Tursun, B., L. Cochella, I. Carrera, and O. Hobert. 2009. 'A Toolkit and Robust Pipeline for the Generation 
of Fosmid-Based Reporter Genes in C. elegans', PLoS One, 4. 
Underwood, R. S. 2018. 'Integration of EGFR and LIN-12/Notch signaling in Vulval Precursor Cell fate 
specification in Caenorhabditis elegans', Columbia University. 
Underwood, R. S., Y. Deng, and I. Greenwald. 2017. 'Integration of EGFR and LIN-12/Notch Signaling by 
LIN-1/Elk1, the Cdk8 Kinase Module, and SUR-2/Med23 in Vulval Precursor Cell Fate Patterning 
in Caenorhabditis elegans', Genetics, 207: 1473-88. 
Uv, A. E., E. J. Harrison, and S. J. Bray. 1997. 'Tissue-specific splicing and functions of the Drosophila 
transcription factor grainyhead', Mol Cell Biol, 17: 6727-35. 
Wang, J., and S. K. Kim. 2003. 'Global analysis of dauer gene expression in Caenorhabditis elegans', 
Development, 130: 1621-34. 
Wang, S. H., N. H. Tang, P. Lara-Gonzalez, Z. L. Zhao, D. K. Cheerambathur, B. Prevo, A. D. Chisholm, A. 
Desai, and K. Oegema. 2017. 'A toolkit for GFP-mediated tissue-specific protein degradation in C. 
elegans', Development, 144: 2694-701. 
Wang, Y., C. Tian, and J. C. Zheng. 2013. 'FoxO3a contributes to the reprogramming process and the 
differentiation of induced pluripotent stem cells', Stem Cells Dev, 22: 2954-63. 
Ward, J. D. 2015. 'Rapid and precise engineering of the Caenorhabditis elegans genome with lethal 
mutation co-conversion and inactivation of NHEJ repair', Genetics, 199: 363-77. 
Welcker, M., and B. E. Clurman. 2008. 'FBW7 ubiquitin ligase: a tumour suppressor at the crossroads of 
cell division, growth and differentiation', Nature Reviews Cancer, 8: 83-93. 
Wilkinson, H. A., K. Fitzgerald, and I. Greenwald. 1994. 'Reciprocal changes in expression of the receptor 
lin-12 and its ligand lag-2 prior to commitment in a C. elegans cell fate decision', Cell, 79: 1187-
98. 
Wilson, J. J., and R. A. Kovall. 2006. 'Crystal structure of the CSL-Notch-Mastermind ternary complex 
bound to DNA', Cell, 124: 985-96. 
Wreczycka, K., V. Franke, B. Uyar, R. Wurmus, S. Bulut, B. Tursun, and A. Akalin. 2019. 'HOT or not: 
examining the basis of high-occupancy target regions', Nucleic Acids Res, 47: 5735-45. 
Yochem, J., K. Weston, and I. Greenwald. 1988. 'The Caenorhabditis-Elegans Lin-12 Gene Encodes a 
Transmembrane Protein with Overall Similarity to Drosophila-Notch', Nature, 335: 547-50. 
Yoo, A. S. 2005. 'Target genes of LIN-12/Notch signaling in vulval precursor cells in C. elegans', Columbia 
University. 
Yoo, A. S., C. Bais, and I. Greenwald. 2004. 'Crosstalk between the EGFR and LIN-12/Notch pathways in 
C. elegans vulval development', Science, 303: 663-6. 
Yoo, A. S., and I. Greenwald. 2005. 'LIN-12/Notch activation leads to microRNA-mediated down-
regulation of Vav in C. elegans', Science, 310: 1330-3. 
Zacharioudaki, E., and S. J. Bray. 2014. 'Tools and methods for studying Notch signaling in Drosophila 
melanogaster', Methods, 68: 173-82. 
Zauner, H., and R. J. Sommer. 2007. 'Evolution of robustness in the signaling network of Pristionchus 
vulva development', Proc Natl Acad Sci U S A, 104: 10086-91. 
Zhang, X., and I. Greenwald. 2011. 'Spatial regulation of lag-2 transcription during vulval precursor cell 
fate patterning in Caenorhabditis elegans', Genetics, 188: 847-58. 
Zhang, X., S. Yalcin, D. F. Lee, T. Y. Yeh, S. M. Lee, J. Su, S. K. Mungamuri, P. Rimmele, M. Kennedy, R. 
Sellers, M. Landthaler, T. Tuschl, N. W. Chi, I. Lemischka, G. Keller, and S. Ghaffari. 2011. 'FOXO1 



































Figure 1.  Head expression of three lag-1 reporters. 
(A) LAG-1::GFP (top) and NLS::tdTomato::NLS (bottom) expression observed in the 
head of a late L3 hermaphrodite containing the lag-1::gfp::sl2acc::tdTomato::nls allele.  
Expression of LAG-1- GFP appears bright in a number of cells but was not 
characterized to be broad, while expression of NLS::tdTomato::NLS appears to be very 
broad in the head. 
(B) Expression of the 2.7 kb enhancer in the head of an L3 hermaphrodite.  The 
expression of the enhancer is very broad, similar to NLS::tdTomato::NLS expression, 
suggesting additional regulation of LAG-1-GFP at the protein level. 






Figure 2.  Expression of lag-1 isoform a cDNA driven by the 2.7 kb enhancer 
(A) Image of the 2.7 kb enhancer used to drive expression of lag-1 isoform a cDNA 
fused to YFP.  DIC on top with VPCs labeled.  YFP channel on bottom, with very faint 
signal observed in the VPCs.  The signal appears to have a secondary VPC pattern 











Figure 3.  daf-16 RNAi activation of LIN-12 target lst-5 in dauer animals containing 
the RNAi sensitizer nre-1(hd20) lin-15b(hd126) is suppressed 
Larvae were grown at the non-permissive temperature 25
o
C for 72 hours to generate 
dauers, treated with SDS to select for dauers, and scored for YFP expression from the 
lst-5 transcriptional reporter 
daf-7(e1372ts); arTi102[lin-31p::lin-12(intraΔP)]; rde-1(0); arIs116[lst-5p::2xNLS::YFP] 
arTI106[lin-31p::rde-1] strain: These animals were designed to have VPC-specific RNAi 
activity.  However, there is no RNAi sensitizer. 
(A) Dauer larvae treated with lacZ RNAi did not have any lst-5 expression. 
(B) Dauer larvae treated with daf-16 RNAi produced lst-5 expression in ~50% of dauer 
larvae. 
daf-7(e1372ts); arTi102[lin-31p::lin-12(intraΔP)]; arIs116[lst-5p::2xNLS::YFP] nre-
1(hd20) lin-15b(hd126) strain: These animals do not have tissue-specific RNAi activity, 
so all tissues are receptive to RNAi-mediated gene expression knock-down.  An RNAi 
sensitizer nre-1(hd20) lin-15b(hd126) was also crossed into this strain. 
(C) Dauer larvae treated with lacZ RNAi did not produce any lst-5 expression. 
(D) Dauer larvae treated with daf-16 RNAi produced very low to no lst-5 expression. 
 
 
